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Preface 



Polar Microbiology. The Ecology, Biodiversity, and Bioremediation Potential of 
Microorganisms in Extremely Cold Environments explores the field of polar microbiol- 
ogy and, in particular, the environmental impact of hydrocarbon contamination and 
the potential for microbial bioremediation. The polar regions of this planet include the 
Antarctic continent and the area north of the tree line of the Arctic Circle. Ice domi- 
nates much of the Antarctic continent and the Arctic Ocean. In fact, the polar environ- 
ment is the coldest on Earth and poses significant challenges to life in the Arctic and 
the Antarctic. Yet, in this extremely cold environment, populations of microorganisms 
thrive and carry out critical ecological functions. These microorganisms are adapted to 
growing at low temperatures and have diverse and often unique metabolic capabilities. 

Although they have had only limited exposure to pollutants, many microorgan- 
isms that are indigenous to Arctic and Antarctic ecosystems are able to degrade 
pollutants. It is this metabolic capacity that forms the basis for bioremediation as 
a potential treatment for hydrocarbons that may contaminate polar environments. 
Contamination may happen as a result of oil extraction and transport in the Arctic 
and human activities in both the northern and southern polar regions. 

Currently, much of the polar environment is relatively undisturbed by direct human 
activities. However, global warming is causing the melting of ice, and the depletion 
of the atmospheric ozone is exposing polar environments to increased ultraviolet 
radiation. It is evident that the polar environment is changing, and increasing human 
activities threaten to bring about significant pollution in the polar terrestrial and 
aquatic ecosystems. In particular, human activities pose serious risks of environmen- 
tal contamination with petroleum hydrocarbons, especially in the Arctic due to oil 
exploration, marine transportation, and human habitation, and in the Antarctic due 
to tourism and scientific research activities. 

It is critical that we exercise all prudent measures to prevent the environmental 
contamination of polar regions. However, if we fail, we must have contingency plans 
for abating pollution levels thereby restoring the ecosystem. It is within this con- 
text that this book examines the diversity of polar microorganisms and their abili- 
ties to degrade petroleum hydrocarbons that may contaminate ice, soil, and both 
marine and freshwater aquatic environments in the Arctic and the Antarctic. In the 
Antarctic, increased scientific knowledge about microbes is being generated as sci- 
entific research activities have taken on a priority. In the Arctic, much is known 
about the practical problems of dealing with pollutants. 

Pollution with petroleum hydrocarbons has accompanied polar exploration from 
its inception and now seems to be an unavoidable consequence of oil exploration and 
extraction in the Arctic and scientific research activities in the Antarctic. Since the 
first landing on the Antarctic continent by Captain John Davis in 1821 (in the Cecilia 
islands at Hughes Bay in the Antarctic Peninsula), numerous expeditions have been 
completed resulting in the establishment of permanent research stations and bases 
representing over 30 nations. 
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Preface 



Even the earliest polar expeditions by Scott, Shackleton, and Amundsen polluted 
the environment as they carried out their historic explorations. These early explor- 
ers brought large quantities of supplies, including petroleum fuels, to support their 
activities as they sought to reach the North and South Poles. When the expeditions 
ended, materials that contaminated the environment — including stored fuels — were 
left behind. Corrosion and weathering of wooden structures led to leakages into 
the environment. Consequently, high concentrations of polyaromatic hydrocarbons, 
such as anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, chrysene, fluorene, 
and pyrene, as well as benzo[a]anthracene, benzo[a]pyrene, and fluoranthene, which 
are recognized carcinogens, have contaminated Antarctic soils under and around the 
historic fuel depots.* In the Arctic, many early exploration wells were not properly 
capped and many are now surrounded by oozing oil, resulting in the contamination 
of these historic sites, which need to be remediated. 

Since 1960, human presence in the Antarctic continent has increased significantly, 
thereby requiring a greater need for energy to power the research stations and for 
aviation and ground transportation refueling. It has therefore become necessary to 
have year-round storage of hydrocarbon-based fuels, such as diesel and petroleum, at 
bases and locations where temporary research stations have been established. Such 
activities have all too frequently resulted in accidental oil spills causing the con- 
tamination of ice, soil, lakes, and coastal sediments and waters. In the Arctic, the 
development of oil wells and pipelines to transport oil southward has resulted in the 
oil pollution of many previously pristine environments. 

Petroleum hydrocarbon spills in the Antarctic and Arctic environments have cre- 
ated pockets of microbial consortia in which biodegradative microorganisms have 
been selected and have naturally become enriched over time with the hydrocarbon 
and diesel fuels acting as the carbon source. This book is a compilation of the state 
of scientific knowledge about the microbial populations that are present in polar eco- 
systems and the diversity of their genes and physiological capabilities. It provides 
an overview of the extremophilic microorganisms that inhabit polar ecosystems and 
their potential for microbial bioremediation in the cold polar environments. All the 
chapters have been written by leading investigators in the field of polar microbiology. 
This is the first book to present a broad overview of the study of the ecology, the 
diversity, and the bioremediation potential of microorganisms in extremely cold polar 
environments. It should therefore serve as a very valuable resource for scientists and 
those charged with environmental protection and the management of polar regions. 

Asim K. Bej 

Birmingham, Alabama 

Jackie Aislabie 

Hamilton, New Zealand 

Ronald M. Atlas 

Louisville, Kentucky 

* For a discussion of the environmental pollution caused by early Antarctic expeditions see Blanchette, 
R.A., B.W. Held, J.A. Jurgens, J. Aislabie, S. Duncan, and R.L. Farrell. 2004. Environmental pollutants 
from the Scott and Shackleton expeditions during the “Heroic Age” of Antarctic exploration. Polar 
Record 143-151. 
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1.1 INTRODUCTION 

The Antarctic continent offers the coldest and most arid environments on Earth 
(Onofri et al., 2004). However, climatic conditions are by no means homogenous 
across the continent and widely differing climatic regions exist; for example, tem- 
peratures and water availability differ hugely between the glacial dome, peninsular, 
and Dry Valleys regions of the continent. 

While the vast majority of the continental land surface area is permanently covered 
by a multi-kilometer thick layer of ice, around l%-3% is ice-free for at least part of 
each year (Cowan and Ah Tow, 2004). These ice-free regions mainly comprise moun- 
tain ranges that emerge above the ice plateau (nunataks), or coastal desert regions 
characterized by bare arid soils containing little or no vegetation. Coastal regions that 
have been the focus of terrestrial microbiological research include the McMurdo Dry 
Valleys, the Vestfold Hills, the Antarctic Peninsula, and the Mars Oasis. 

The extreme nature of the environment, in addition to the complete absence of 
visible biological structures in some Antarctic desert regions, led to early conclusions 
that some Antarctic soils were devoid of microbial life. Of course, it is now known 
that abundant microbial life exists in most “extreme” habitats and microbial diversity 
and biomass in Antarctic desert soils has proven to be even higher than expected. 



1.2 MICROCLIMATE AND GEOCHEMISTRY OF 
ANTARCTIC SOILS 

The deglaciated terrestrial environments of the Antarctic continent (Figure 1.1) offer 
a unique combination of extreme climatic conditions which include extremely low 
temperatures, wide temperature fluctuations, low water availability, long periods of 
darkness, and high periodic incident solar radiation. 

The region encompassing the McMurdo Dry Valleys (or Ross Desert) in South 
Victoria Land constitutes the most extensive ice-free desert in Antarctica (Friedmann 
and Ocampo, 1976; Onofri et al., 2004) and comprises an area of roughly 4800 km^. 
The total ice-free area of Antarctica comprises <0.3% of the continent (Fox and 
Cooper, 1994). Dry katabatic winds greater than 100 km h ' descend from the 
Antarctic ice plateau into the valleys and contribute to the maintenance of desert 
conditions (Friedmann, 1982; Doran et al., 2002). These deserts consist of exposed 
rock and soil, with no consistent ice or snow cover, although lakes are sometimes 
present on the valley floors (Figure 1.1) (Friedmann, 1982). 

The mean annual air temperature of the Ross Desert ranges from -20°C to 
-25°C (Wynn-Williams, 1988; Ascaso and Wierzchos, 2002), although summer 
and winter temperatures vary markedly. The air temperature fluctuates between 
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FIGURE 1.1 (See color insert following page 276 .) The Miers Valley, Eastern Antarctica. 
This valley incorporates all the typical terrestrial microhial habitats of the Dry Valleys includ- 
ing lakes (1), lake-derived streams (2), glacial meltwater streams (3), and desert soils (4). 



-20°C and -50°C in the winter season (mid-April to mid-October), although 
values as low as -60°C have been recorded (Friedmann, 1982; Wharton et ah, 
1986; Onofri et ah, 2004). During summer (mid-November to mid-February), the 
air temperature can fluctuate between -35°C and -f3°C depending on the weather 
and particular geographic location (de la Torre et ah, 2003). 

Surface ground temperatures in the Ross Desert region can vary significantly 
from the air temperatures. While the mean summer air temperature hovers around 
0°C, the ground surface temperature during periods of direct sunlight frequently 
exceeds 15°C (Ellis-Evans, 1997). Extreme fluctuations in surface temperature 
are common and depend on direct sunlight and cloud cover. During the summer 
months, variations in cloud cover cause significant temperature oscillations that 
commonly occur over a matter of minutes. Indeed, observations of temperature 
fluctuations from -15°C to -l-27.5°C within 3h have been reported for Ross Desert 
soils (Cameron, 1974). Furthermore, continuous summer sunshine can increase 
the internal temperature of rocks up to 10°C above the air temperature (de la Torre 
et ah, 2003). 

The sole form of precipitation in the Dry Valleys region is snowfall, with a mean 
annual precipitation of approximately 10 g cm“^ year' (Ugolini, 1970). The infre- 
quent snowfall mostly sublimes due to the extremely low atmospheric humidity or 
is blown away by the high winds (Friedmann, 1982; Onofri et ah, 2004). The rate of 
evaporation/sublimation exceeds that of precipitation (Marchant and Head, 2007). 
The soil surface is, therefore almost continually exposed to a desiccating atmo- 
sphere, with summer atmospheric humidity levels typically ranging from 20% to 
50% RH. Winter humidity levels in the region are extremely low (<10% RH). This, 
together with the low precipitation rates, leads to extreme desiccation in the upper 
layers of the soil profile. Average moisture contents ranging from 0.2% to 3.9% wt 
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water during the Antarctic summer have been recorded in Taylor Valley surface soils 
(Connell et al., 2006). 

“Permafrost” refers to the lower part of the soil profile that constantly remains 
below 0°C. The moisture regime of Dry Valley soils is determined by the proximity 
of ice-cemented permafrost to the soil surface, where soils with the ice-cemented 
layer closer to the surface are typically moister due to melting of the ice in summer 
and the resultant upward movement of moisture across a strong desiccation gradi- 
ent (Ugolini, 1970). The recession of the ice-cemented layer occurs due to loss of 
moisture to the atmosphere and this recession results in the ice-cemented surface 
ultimately resting below the permafrost table, part of which is dry permafrost. The 
ice-cemented permafrost layer in the Dry Valleys is generally found from a few 
centimeters to a meter below the active surface layer. However, this is variable at 
locations within a region. For example, in the Beacon Valley, ground ice is present 
less than 50 cm below the surface in some locations, but absent down to a few meters 
in other locations within the Dry Valley (McKay, 2009). The factors affecting the 
distribution of dry permafrost and ground ice in Antarctica are poorly understood, 
although some evidence indicates that the recurrence of snow may be linked to the 
location of ice-cemented ground and the depth of dry permafrost above it (McKay, 
2009). The upward capillary transport of melt water from the seasonally thawed 
ice-cemented permafrost causes the soil layer directly above to be saturated. A clear 
boundary with the desiccated surface horizon is often observed, in which the steep 
humidity gradient is evident (Figure 1.2) (Ugolini, 1970; Campbell et al., 1997). 
However, while it has been suggested that there is insufficient liquid water from the 
melted permafrost layer to support the growth of microorganisms in the upper soil 
horizon (Wynn-Williams, 1988), the upward transport of water vapor potentially 
provides a high concentration of available water, albeit in gaseous form or as a basis 
for condensation on soil particles. 

Biological water availability in desiccated Antarctic soils is possibly further 
reduced due to high soil salinity levels (Claridge and Campbell, 1977; Vishniac, 
1993), a condition generally considered unfavorable for microbial growth in soils 
(Cameron, 1971). Although unevenly distributed on a microscale, high soil salin- 
ity is evident in most Ross Desert soils, with salinity levels decreasing with alti- 
tude (Vishniac, 1993). The accumulation of salts in surface soils originates from the 
substratum (by transport in capillary water from melted permafrost) and from the 
aeolian transport of sea sprays (Wada et al., 1981; Wynn-Williams, 1990). Halophilic 
bacteria capable of growth in media containing 15% (Horowitz et al., 1972) and 20% 
NaCl (James et al., 1990) have been isolated from Ross Desert soils. 

The organic content of Dry Valley soils is very low, generally constituting <0.1% 
of dry soil weight (Campbell et al., 1998) with an average of 0.064+0.035% total 
organic carbon (Matsumoto et al., 1983). The organic content is presumed to derive 
from past primary production, from the deposit of organic material by glacial move- 
ment in the region, from the physical abrasion of rocks (and consequential exfolia- 
tion of endolithic communities), from erosion of the exposed sediments of ancient 
lake beds, and from marine and lake-derived matter (Nienow and Friedmann, 
1993; Moorhead et al., 1999; Burkins et al., 2000). More recent studies show that 
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FIGURE 1.2 Depth profile of typical Dry Valley mineral soils indicating a supersaturated 
permafrost layer, permafrost melt layer, and hyperarid surface soils (Miers Valley, Eastern 
Antarctica). 

some contribution to the organic pools is due to primary production by existing soil 
microorganisms and, to a greater extent, lithic (rock) communities (Moorhead et al., 
1999). The distribution of organic matter is thought to be aided by aeolian factors 
(Moorhead et al., 1999). Organic carbon concentrations of soils in the Taylor Valley 
increase with proximity to the Ross Sea coastline, with the 0.01 g C g“' soil average 
for inland sites increasing to 0.05 g C g“' soil for coastal sites (Burkins et al., 2000, 
2001). This observation might suggest a direct marine supplementation or some indi- 
rect effect resulting from the more “benevolent” climate in coastal regions. 

The mean residence time of organic carbon in the Dry Valleys has been calcu- 
lated at 23 years (Burkins et al., 2001), which is an extremely low value consider- 
ing that most of the organic content of these soils is thought to be a legacy of lake 
sediments deposited during the last glacial maximum (Barrett et al., 2005). This low 
value may indicate that the simple food webs in the Dry Valley ecosystem actively 
cycle recently fixed carbon in addition to legacy sources of organic matter (Barrett 
et al., 2005). 

CO 2 efflux from soil is the result of either biological respiration or georespiration 
(the inorganic equilibration of soil carbonate in the presence of water vapor) or a 
combination of both factors (Oyama and Berdahl, 1977; Burkins et al., 2001). Due 
to the low biological activity in Antarctic desert soils, the physical controls on CO 2 
flux from soil are of similar magnitude to biological controls (Parsons et al., 2004). 
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While higher biological activities in other regions probably mask the relatively small 
contribution of georespiration to COj flux, nonbiological inputs may become signifi- 
cant and should be taken into account in low productivity environments (Parsons et 
ah, 2004). Eliminating the effects of georespiration, the COj efflux of Taylor Valley 
soils was calculated to be 0.1 +0.08 jimol COj m“^ s+ (Burkins et ah, 2001). This 
is very low in comparison with the CO 2 efflux of hot deserts and the Arctic tundra 
(Raich and Schlesinger, 1992). Assuming maximum productivity for 60 days per 
year, the Dry Valley soils could release 6.5 + 5 g C m~^ year"', one of the lowest soil 
carbon respiration figures reported for terrestrial ecosystems (Burkins et ah, 2001). 

Antarctica experiences high periodic incident UV irradiation, with long periods 
of complete darkness (Wynn-Williams, 1990; Cowan and Ah Tow, 2004; Onofri et 
ah, 2004). The effects of stratospheric ozone depletion and increased UV-B irradia- 
tion are pronounced on the continent, where over 50% of the ozone column can be 
depleted during the spring. This, in turn, leads to increased UV-B levels (Madronich 
et ah, 1998), which increases the environmental stress inflicted on living organisms 
in the region. 

Due to the extreme environmental conditions, no vascular plants grow in the 
Antarctic Dry Valleys. With the absence of plant roots, there is little vertical transport 
of carbon. The dominant food web is therefore limited to the near surface environ- 
ment (Virginia and Wall, 1999) where nutrient cycles and trophic interactions are lim- 
ited to microbial populations and microinvertebrates (Vishniac, 1996). Community 
structures and dynamics are therefore thought to be principally controlled by two 
factors: resource availability and environmental conditions (Moorhead et ah, 1999). 
That is, there are strong “bottom up” controls on ecosystem structures (Moorhead 
et ah, 1999) and these are largely abiotic rather than biotic (Connell et ah, 2006). 

It is widely believed that the community structures in arid Antarctic soils are rela- 
tively simple compared to the complexity of soil communities in temperate regions 
(Wall and Virginia, 1999; Connell et ah, 2006). While this is certainly true with 
respect to trophic complexity and prokaryote-eukaryote interactions, the recent dem- 
onstration of high prokaryotic phylogenetic diversity (Aislabie et ah, 2006; Smith et al., 
2006) and the existence of complex refuge habitats (hypolithons) suggest that assump- 
tions of extreme community simplicity should be treated with caution. Nevertheless, 
these “simple” communities represent excellent systems in which to identify and 
define interactions between soil microorganisms and the environment. 

The environmental conditions experienced in the Dry Valleys, especially the 
extreme temperature fluctuations and extreme aridity, mimic those postulated for 
early Mars. This region of the Antarctic continent has long served as a model for 
exobiological studies (e.g., Andersen et ah, 1990; McKay, 1993). 

1.3 ANTARCTIC SOIL MICROBIOLOGY 
AND MICROBIAL DIVERSITY 

Microbial diversity has been analyzed using modern molecular phylogenetic methods 
for a range of Antarctic habitats (Table 1.1), including open desert soils of the Dry 
Valleys, desiccated soils at higher altitudes, soil that receives external carbon and nitro- 
gen input (i.e., from beneath seal carcasses) and sublithic communities (Figure 1.3). 




Microbiology of Antarctic Terrestrial Soils and Rocks 



7 



TABLE 1.1 

List of the Sources of Soils and Their Nature 



Location(s) 

Fossil Bluff, Mars Oasis, Coal 
Nunatak, Sentinel Range 
(Ellsworth Mountains) 

Luther Vale L 1-3, Admiralty 
Range, Northern Victoria Land 
Bratina Island; Penance Pass, 
Miers Valley Ross Dependency, 
Eastern Antarctica 
Marble Point and Wright Valley, 
Victoria Land 
Vestfold Hills 



Soil Characteristics 

Bare frost-sorted soils 

A low productivity, low 
moisture soil in a dry cirque 
Desiccated mineral soils and 
soils from under seal carcasses 

High and low moisture soils 

Quartz stone sublithic communities 



References 

Yergeau et al. (2007c) 

Niederberger et al. (2008) 
Smith et al. (2006) 

Aislabie et al. (2006) 



Smith et al. (2000) 
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■ Others* 

■ Planctomycetales 

□ Cytophagales 

□ Proteobacteria 

□ Gemmatimonadetes 

■ Unclassified/uncultured 

□ Chloroflexi 

□ Verrucomicrobia 

□ Firmicutes 

□ Cyanobacteria 

■ Acidobacteria 

□ DeinococcusIThermus 
m Actinobacteria 

□ Bacteroidetes 



FIGURE 1.3 (See color insert following page 276.) A snapshot of prokaryotic diversity 
across a range of Antarctic arid soil habitats. *NB: For Mars Oasis, Fossil Bluff, Coal Nunatak, 
and Sentinel Range, “Others” category includes Chloroflexi, Firmicutes, Fusobacteria, 
Gemmatimonadetes, Planctomycetes, and the candidate phyla OPIO and TM7. For Luther 
Vale, “Others” category includes Chloroflexi, Firmicutes, Bacteroidetes, Verrucomicrobia, 
Nitrospira, and Cyanobacteria. 
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In general terms, prokaryote community structure and diversity is thought to be 
largely determined by location and/or associated location-dependent environmen- 
tal conditions (Yergeau et ah, 2007a). On a continental scale, comparisons of the 
microbial ecology of the Antarctic Peninsula and Dry Valley regions clearly show 
a decrease in community complexity with increasing latitude (Barrett et ah, 2006a; 
Yergeau et ah, 2007b), reflecting the increase in climatic severity. It is thus assumed 
that the Antarctic continent should contain a high level of site isolation and ende- 
mism (Lawley et al., 2004). 

Until recently, studies focusing on the distribution, abundance, and diversity of 
microorganisms in Antarctic Dry Valley habitats were culture-dependent. Estimates 
of the number of culturable bacteria in Dry Valley soils, based on such studies, 
have ranged from 0 to 10’ colony forming units (CPU) g“' soil (Boyd et al., 1966; 
Cameron and Devaney, 1970). Culture-based analyses of microbial diversity in 
Dry Valley soils yielded numerous cosmopolitan soil organisms (typically aerobic 
heterotrophs belonging to genera such as, Achromobacter, Arthrobacter, Bacillus, 
Corynebacterium, Flavobacterium, Micrococcus, Planococcus, Pseudomonas, 
Streptomyces, and Nocardia (Cameron, 1972). Most were identified (using chemical 
taxonomic methods) as known species, although new, possibly endemic, species are 
regularly isolated (Cowan and Ah Tow, 2004). 

Some local differences in microbial distribution have been noted; for example, 
chromogenic (pigmented) bacteria are commonly isolated from soil surface lay- 
ers whereas nonpigmented bacteria dominate below the soil surface (Cameron and 
Devaney, 1970). This might be expected as the presence of photoprotective pigments 
in chromogenic bacteria affords some protection from the high periodic incident 
radiation in the region (Wynn-Williams et al., 2002). The observation that hyper- 
arid surface soils contained fewer culturable bacteria than the moist subsurface soils 
above the permafrost (Aislabie et al., 2006) is at odds with the higher ATP titers 
determined in surface soils (Cowan et al., 2002). 

Although culture-based techniques are still widely used and remain vital tools 
of microbial ecology, it is now widely accepted that such methods cannot provide 
a realistic estimate of microbial diversity (e.g.. Hill et al., 2000). It is therefore rea- 
sonable to conclude that all early microbiological studies in the Antarctic soils rep- 
resent gross underestimates of both microbial loads and diversities. Indeed, recent 
studies using ATP analysis have estimated viable microbial biomass in the Dry 
Valley soils to be up to four orders of magnitude higher than previously reported 
(Cowan et al., 2002). 

With the advent of molecular phylogenetic methods, it has become possible to 
more accurately assess both microbial diversity and population numbers. A num- 
ber of detailed microbial phylogenetic surveys of Antarctic soils have been pub- 
lished in recent years (Shivaji et al., 2004; Aislabie et al., 2006; Smith et al., 2006; 
Shravage et al., 2007; Babalola et al., 2008; Wood et al., 2008) (also see Chapter 3). 
The most striking and consistent observation from these studies is that a substantial 
proportion of 16S rRNA sequences do not show high homology to the sequences of 
any cultured organisms, suggesting that Antarctic soils harbor a large number of 
novel, possibly endemic, genospecies. For example, 50% of sequences in three Miers 
Valley 16S rRNA clone libraries corresponded to uncultured bacteria (Smith et al.. 
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2006). The Miers Valley libraries showed a diverse range of prokaryote phylotypes 
that were assigned to eight broad phylotypic groups: Cyanobacteria, Actinobacteria, 
Acidobacteria, Verrucomicrobia, a-Proteobacteria, [3-Proteobacteria, Chloroflexi, 
and Bacteroidetes. Indeed, the dominant members of major phylotypic groups, 
such as the Acidobacteria and Verrucomicrobia, have never been cultured from 
Antarctic soils (Aislabie et ah, 2006). Interestingly, no anaerobic bacterial 16S rRNA 
gene signals have been identified in Dry Valley mineral soil metagenomic DNA 
extracts (Smith et al., 2006). While this observation is consistent with the belief 
that anaerobic niches are not found in surface mineral soils (Tiedje et al., 1984), it 
represents something of an anomaly with respect to the widely held view that lacus- 
trine biomass (in which anaerobic microorganisms are commonly found) is a major 
source of carbon in mineral soils (Barrett et al., 2006a, b). Archaeal 16S rRNA gene 
signals have only recently been detected in soils from the Miers Valley (Khan, 2008) 
(see the following text; also see Chapter 2). 

A comparison of culturable and culture-independent microbial diversity high- 
lights the limitations of both methods. In a comparative assessment of bacterial 
diversity in soils from the Dry Valley sites in the Wright Valley and at Marble Point 
(Aislabie et al., 2006), 16S rRNA clone libraries identified 27 dominant phylotypes, 
with 11 of the 27 phylotypes belonging to the group Bacteroidetes, 8 belonging to 
the Actinobacteria, and the rest distributed among the Proteobacteria, Deinococcus! 
Thermus, Acidobacteria, Firmicutes, and Cyanobacteria. However, cultured iso- 
lates represented only 8 of the 27 dominant phylotypes identified by molecular 
methods (Aislabie et al., 2006). Some phylotypes, such as those belonging to the 
Proteobacteria, were present in all sites sampled, while phylotypes belonging to 
the Actinobacteria and the DeinococcusIThermus group were found only in specific 
sites (Aislabie et al., 2006). These, and other phyla represented in pristine Antarctic 
soil 16S rRNA gene libraries (such as, Planctomycetales, and Gemmatimonadetes) 
represent the common phyla found in many soil communities (Buckley and Schmidt, 
2001; Zhou et al., 2003, 2004; Janssen, 2006). 



1.4 IMPORTANT MICROBIAL TAXA IN ANTARCTIC 
SOIL SYSTEMS 

1.4.1 Deinococcus/Thermus 

Members of the DeinococcusIThermus group are found in a number of Antarctic 
desert soil environments (de la Torre et al., 2003; Saul et al., 2005; Aislabie et al., 
2006; Shravage et al. 2007; Niederberger et al., 2008), including sublithic com- 
munities (Smith et al., 2000). In a comparison of high- and low-productivity soils 
in Luther Vale, Victoria Land, members of the phylum were found exclusively in 
the drier, low-productivity environments (Niederberger et al., 2008). Members 
of this phylum are typically tolerant to both radiation and desiccation, with the 
genes involved in resistance to radiation also contributing to resistance to desic- 
cation (Mattimore and Battista, 1996). These properties are likely to contribute 
to the ability of these organisms to survive in open Antarctic soils where they 
will be exposed to high levels of desiccation and high periodic fluxes of UV 
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irradiation. Deinococcus/Thermus phylotypes have also have been identified in 
hot arid environments (Chanal et ah, 2006). 

1.4.2 Proteobacteria 

Proteobacteria are common in virtually all Antarctic terrestrial habitats. Members 
of Proteobacteria are represented in clone libraries from Victoria Land Dry Valley 
environments (Aislabie et al., 2006; Khan, 2008), from habitats across the Antarctic 
Peninsula (Yergeau et ah, 2007c), in sublithic habitats in the Miers Valley and Vestfold 
Hills (Smith et ah, 2000; Khan, 2008), and beneath seal carcasses (Smith et al., 
2006). Proteobacterial phylotypes were found to be more dominant in high than in 
low productivity soils and this nonhomogeneous distribution has led to the sugges- 
tion that the phylum might be more strongly selected for in soils that are carbon and 
nitrogen enriched (Niederberger et al., 2008). These include seal carcass-associated 
communities, which are seeded with C and N from degrading tissues, sublithic com- 
munities and those at higher altitudes, both of which receive C and N supplementa- 
tion through the autotrophic activities of cyanobacteria. However, the distribution of 
proteobacterial phylotypes in the region based on organic nutrient availability is not 
that clear-cut as they have also been found to be prevalent in the low productivity 
soils in the Wright Valley (Aislabie et al., 2006). 

Members of Proteobacteria cultured from hot arid soil (in particular the 
a-Proteobacteria) show a high degree of resistance to solar radiation (Chanal et ah, 
2006). Isolates of one of the more unusual genera of the Proteobacteria, Ramlibacter, 
which are members of the dwarf bacteria (Rutz and Kieft, 2004), have been obtained 
from hot desert sands. It has been suggested that dwarf bacteria have a particular 
ability to colonize arid environments (Chanal et al., 2006). Although Ramlibacter 
spp. have not yet been detected in Antarctic soils, a closer examination of the uncul- 
tured and unclassified bacteria in Antarctic soils may reveal species that possess 
similar morphological or physiological features, conferring the ability to survive 
under desiccating conditions. 

1.4.3 Actinobacteria 

Members of Actinobacteria contribute to a significant proportion of all the libraries 
from the dry habitats, and a high frequency of novel phylotypic signals has been 
observed in libraries from Miers Valley soils (Smith et al., 2006). The radiation- 
resistant Rubrobacter sp. of this phylum has been found in hot deserts of the 
Australian (Holmes et al., 2000) and African continents (Chanal et ah, 2006) and is 
observed in all Antarctic low-productivity, open soil communities (Smith et al., 2000, 
2006; Saul et al., 2005; Aislabie et al., 2006; Shravage et ah, 2007). Actinobacteria 
were the second most common phylotype to cyanobacteria in the Vestfold Hills 
crypotoendolithic clone libraries (Smith et al., 2000). A recent phylogenetic survey 
of Actinomycete diversity in Dry Valley soils (Babalola et ah, 2008) clearly demon- 
strated that a very large pool of previously undescribed species (and probably even 
previously undescribed genera) exist in such habitats. The study also demonstrated 
that standard isolation protocols largely fail to penetrate this uncultured diversity. 
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1.4.4 Bacteroidetes 

Bacteroidetes are widespread in Antarctic desert soil habitats. They are typically 
decomposers and probably contribute to the turnover of polymeric carbon (Aislabie 
et ah, 2006). The order Sphingobacteriales, and specibcally Chitinophaga, domi- 
nated Ellsworth Mountain clone libraries (Yergeau et ah, 2007c). These organisms 
are able to degrade chitin (Buckley and Schmidt, 2001), and access to insoluble poly- 
meric substrates (e.g., fungal cell wall material) may well confer an advantage in 
otherwise low-nutrient environments. 

1.4.5 Acidobacteria 

Acidobacterial phylotypes are widely represented in Antarctic soil libraries, and 
have been prominent members of clone libraries from some drier, low productiv- 
ity Antarctic soils (Smith et ah, 2006; Niederburger et al., 2008). Acidobacteria are 
common, and sometimes dominant members of soil, marine, and other microbial 
communities (Kuske et al., 1997; Dunbar et al., 1999; Chanal et al., 2006). Although 
their exact physiological role within the community structures is currently unknown, 
they have been implicated in biogeochemical cycling (Lee et ah, 2008). 

1.4.6 Cyanobacteria 

In terrestrial environments where environmental extremes preclude the survival of 
the higher eukaryotic phototrophs, the cyanobacteria typically play a pivotal role 
in the C/N acquisition and the development of biological communities (de la Torre 
et al., 2003). It would therefore be reasonable to predict that cyanobacteria will be 
major components of all Antarctic soil phylotypic communities. 

Classical surveys of cyanobacterial distribution have demonstrated that a wide 
variety of cyanobacterial species are found in moist habitats (lakes, meltwater 
ponds, and streams) where macroscopic growth may be observed (Taton et ah, 
2003, 2006; de los Rios et al., 2004; Jungblut et ah, 2005) and protected (lithic) 
habitats in Antarctica (de la Torre et ah, 2003; Omelon et ah, 2007). The genera 
Chroococcidiopsis, Nostoc, and Gloeocapsa, and members of the Leptolyngbya- 
Phormidium-Plectonema group, are widespread (Nienow and Friedmann, 1993) 
although an understanding of distribution patterns and relative abundance is still 
lacking (Adams et ah, 2006). 

A similar trend has been found in recent phylogenetic studies of soil habitats (Smith 
et ah, 2006; Niederberger et ah, 2008). However, cyanobacterial distribution is clearly 
nonhomogeneous and is probably linked with water availability. Cyanobacterial 
signals were more prominent in clone libraries at higher, rather than lower altitudes, 
in soils of higher rather than lower productivity (Niederberger et ah, 2008) and 
associated with lithic habitats rather than open desiccated soils (Smith et ah, 2006). 
This approach has also shown a much higher cyanobacterial diversity (including 
possible endemic species) than previously known (Taton et ah, 2003; Wood et ah, 
2008). Fewer studies have focused on the comparative distribution of cyanobacteria 
in Antarctic soils (Cavacini, 2001; Wood et ah, 2008). 
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Miers Valley soils contain cyanobacteria belonging to the orders Nostocales, 
Chroococcales, and Oscillatoriales as well as a number of as yet uncharacterized 
cyanobacteria and 16S rRNA sequences with low similarity to any database entries 
(Wood et al., 2008). It has been suggested that cyanobacterial populations in the 
soils of the Miers Valley are free-living species, rather than deriving from cryptoen- 
dolithic populations, as suitable rock structures to support cryptoendolithic growth 
are absent in the sampling region. Moreover, the cyanobacterial phylotypes (Nostoc, 
Phormidium, and Oscillatoria) differed from those typically associated with cryp- 
toendoliths (Smith et al., 2006). 

Some apparent anomalies in cyanobacterial distribution exist. These organisms 
did not constitute a signihcant proportion of 16S rRNA clone libraries from low 
nutrient sites at Coal Nunatak and Fossil Bluff (Yergeau et al., 2007c), although 
higher proportions of cyanobacterial sequences were found at Mars Oasis and 
Ellsworth Mountain sites. 

It has been suggested that cyanobacterial biomass in Dry Valley mineral soils 
may be largely derived from the aeolian distribution of lake and pond cyanobacterial 
mat material (Broady, 1996; Moorhead et al., 2003; Aislabie et al., 2006) and that 
this process is an important carbon input (Adams et al., 2006) with implications for 
ecosystem functioning. Wood et al. (2008) combined the use of ARISA (Automated 
Ribosomal Intergenic Spacer Analysis) and 16S rRNA clone library techniques to 
demonstrate that soils in the Miers Valley contained multiple cyanobacterial phylo- 
types, a signihcant proportion of which were also found in the nearby Lake Miers 
and associated hydroterrestrial cyanobacterial mats. While this apparently conhrms 
that lakes and ponds contribute signihcantly to the cyanobacterial diversity of Dry 
Valley soils, a quantitative understanding on this process remains to be established. 

1.4.7 Fungi 

Yeast, yeast-like organisms, and hlamentous fungi are widely dispersed in Antarctic 
ecosystems, but only in low numbers (Vishniac, 1996) (also see Chapter 12). These 
lower eukaryotes have been found in cryptoendolithic (Vishniac, 1996), marine 
(Dearborn and Fell, 1974), air, and soil samples from various locations on and 
around the Antarctic continent (Sun et al., 1978). Endemic fungi have been found 
growing on historic hut timbers (Arenz et al., 2006) and a diversity of cosmopolitan 
fungi have been isolated from Dry Valley lakes and areas affected by human activ- 
ity. Although fungi are known to be important in soil ecosystems, the distribution, 
importance, and function of fungi in the Dry Valley and other Antarctic soil systems 
are largely unknown. 

Connell et al. (2006) investigated the distribution and abundance of fungi in soils 
of different moisture contents (averaging from 0.2% to 3.9% wt) in the Taylor Valley. 
The distribution and abundance of filamentous and nonfilamentous (yeast and yeast- 
like) fungi were apparently affected by different parameters. Eor example, while 
the abundance of filamentous fungi showed a significant positive correlation with 
increased distance from marine and glacial water sources, with soil carbon con- 
tent, with moisture content, and with soil pH (pH 7.2-10.5), no such correlation was 
established for nonfilamentous fungi. In contrast, yeast and yeast-like fungi were 
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more evenly distributed throughout the valley and showed significant correlations 
only with low soil salinity and lower elevation. The study also found the distribu- 
tion of nematodes to be similar to that of filamentous fungi. Both cosmopolitan and 
endemic fungal species were identified, although the true diversity of fungi in this 
region is still unknown due to the dependence of this (and other) studies on culture- 
dependent methods. The presence of both indigenous and cosmopolitan filamentous 
fungi and yeasts has been confirmed by other studies (e.g., Lawley et al., 2004; Arenz 
et al., 2006). 



1.5 TROPHIC STRUCTURE 

The food web of the Antarctic Dry Valleys is much simpler than a contrasting hot 
desert (Chihuahuan desert. New Mexico) (Wall and Virginia, 1999). Given the 
absence of higher phototrophs and chemoautrophy, algae and cyanobacteria natu- 
rally form the basis of the food web in the Antarctic Dry Valley system (Wall and 
Virginia, 1999). We also suggest that mosses, which are found in specific lithic 
habitats (see later) also contribute to carbon input in desert systems. Together these 
organisms contribute to the total organic load, and support a fairly complex array 
of heterotrophic organisms, both prokaryotic (principally bacteria) and eukaryotic 
(fungi). The highest trophic level of the Dry Valley soil ecosystem is composed of 
three nematode species: a single microbivore (Scottnema lindsaye) that feeds on 
bacteria and yeast, one bacterivore (Plectus antarcticus) that feeds on bacteria, and a 
single omnivore-predator {Eudorylaimus antarcticus) that feeds on algae, bacteria, 
fungi, nematodes, and other small fauna, with no higher invertebrates detected (Wall 
and Virginia, 1999). This may constitute the simplest trophic structure on Earth, as 
no other soil systems are known where nematodes represent the pinnacle of the food 
chain (Virginia and Wall, 1999). With such a low level of complexity at the upper 
trophic level, a high degree of susceptibility to disturbance is likely (Virginia and 
Wall, 1999; Wall and Virginia, 1999). The lower trophic levels (cyanobacteria, bac- 
teria, and fungi) are significantly more diverse (e.g.. Smith et al., 2006; Wood et al., 
2008), with greater functional diversity and therefore stability. 



1.6 LITHOBIONTIC HABITATS 

The severe climatic conditions of the Antarctic Dry Valleys have resulted in the 
apparent retreat of life to protected microenvironments offered by stones and rocks. 
Habitats associated with rock or stone substrates are referred to as lithic or lithobi- 
ontic and can be classified into three types depending on whether organisms grow 
on (epilithic), in (endolithic), or under the rock (hypolithic). The term euendolithic 
refers to microorganisms that actively bore into lithic substrates and thus create their 
habitats (Nienow and Friedmann, 1993). Although epilithic growth occurs in the 
climatically less extreme coastal regions of the continent, rock surfaces are mostly 
devoid of visible life in the more extreme continental interior. Environments where 
epilithic growth is inhibited by extreme climatic conditions are more ideally suited to 
the endolithic and hypolithic lifestyle (Friedmann and Ocampo-Friedmann, 1984). 
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Such lithic communities are prevalent in the Antarctic desert and their distribution is 
ubiquitous in the ice-free regions (Nienow and Friedmann, 1993). 

The most obvious function that rocks serve is to form an effective shelter from 
scouring by strong winds. Additionally, the overlying rock acts as a buffer, pro- 
tecting the microbial habitat from the other elements of the macroenvironment 
(Friedmann, 1982), such as intense UV irradiation. Although essential for photosyn- 
thetic processes, UV irradiation can have lethal effects on organisms, primarily via 
damage to biological macromolecules and other cellular components, particularly 
DNA, through direct absorption and UV-induced generation of excited oxygen states 
(Vincent and Quesada, 1994). While all microorganisms possess various levels of 
repair processes for UV irradiation damage, lithobiontic organisms are further pro- 
tected by the overlying rock strata (Cockell et ak, 2002). The rocks are also thought 
to trap moisture, providing a source of liquid water, which is scarce in the desiccat- 
ing conditions of the Dry Valleys (Cockell and Stokes, 2004). 

1.6.1 Establishment of Lithobiontic Communities 

Lithic communities from a variety of substrates have been described, including flint 
(Berner and Evenari, 1978), limestone (Cockell and Stokes, 2004), gypsum (Hughes 
and Lawley, 2003), and sandstone (Friedmann and Ocampo, 1976). The microbial 
colonization of rock depends on a combination of factors. In addition to environ- 
mental factors (discussed later), physicochemical properties of rock, such as the 
ultrastructure, mineral compositions, and pH all contribute to the ability of rock to 
host microbial life (Friedmann and Ocampo-Friedmann, 1984). It has been noted 
that cyanobacteria-dominated habitats were typically associated with rock substrates 
having higher pH values and higher levels of calcium and magnesium carbonates 
(Johnston and Vestal, 1989). Conversely, communities dominated by fungi were 
found in habitats characterized by higher concentrations of metal oxides. A more 
recent study of Arctic lithobiontic communities showed similar pH relationships 
(Omelon et ak, 2007). 

1.6.1 .1 Temperature 

The temperature of rock and soil surfaces is closely linked to ambient air tempera- 
ture and solar radiation (Nienow and Friedmann, 1993). During the winter period, 
when sunlight is largely or wholly absent, rock surface temperatures are on average 
1°C-2°C lower than the ambient air temperature. In summer, however, the surface 
temperatures increase significantly above the ambient air temperature (Nienow and 
Friedmann, 1993). Furthermore, wide temperature fluctuations occur on the rock 
surfaces; for example, temperature oscillations over a range of 7.7°C within 42 min 
have been recorded, with the temperature shifting from positive to negative figures 
14 times within the period tested (Friedmann, 1982). This may be a significant factor 
in the preferential colonization of the underside of rocks by microorganisms. 

1.6.1. 2 Water Availability 

A major challenge faced by microorganisms in the Dry Valleys and other Antarctic 
desert areas is thought to be access to water, despite the fact that such communities 
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are often positioned close (10-30 cm) to large water reserves. In the McMurdo Dry 
Valleys (76°20 -78°20'S; 160°-164°E), the saturated horizon from permafrost melt 
(see Figure 1.2) may extend to within 10-15 cm of the surface (and lithobiontic com- 
munities positioned thereon). Despite the proximity of this saturated layer, liquid 
water content in the surface profiles (as determined by gravimetric analysis) is typi- 
cally very low. Values of Q.5%-2% wt are typically recorded, and are of the same 
order as found in hot deserts. 

Lithobiontic communities occupy niches where water is available either as liquid 
water (i.e., from occasional snow melt), or as vapor. The rock strata may be capable 
of adsorbing water from the vapor phase using physical mechanisms that are inde- 
pendent of the biological processes of the lithobiontic community. Such processes 
may increase the amount of water available for microbial growth, particularly in 
summer months when solar warming of rocks and soil causes substantial perma- 
frost melting (Palmer and Friedmann, 1990). The rock can therefore act as a store 
of biologically accessible water during cycles of freezing and thawing (Friedmann 
et al., 1987). 

Photosynthesis in lithobiontic communities is thought to be linked to thermo- 
dynamic water activity and therefore to ambient humidity (Cowan et al., 1979). In 
this study, it was noted that photosynthetic CO 2 fixation processes in temperate 
lichens were highly desiccation sensitive, showing little activity below 86% RH. 
Active prokaryotic photosynthesis requires higher humidity levels than eukaryotic 
photosynthesis (Friedmann et al., 1988), which may influence fhe conditions under 
which cyanobacteria-dominated or lichen-dominated lithobiontic communities will 
thrive. 



1.7 CRYPTOENDOLITHIC COMMUNITIES 

1.7.1 CRYPTOENDOLITHIC HABITATS 

Cryptoendolithic microorganisms colonize the interstitial spaces of crystalline or 
porous rocks. Sandstone is a common rock type of the Dry Valleys and is read- 
ily colonized by cryptoendolithic communities, making it a major cryptoendolithic 
habitat (Friedmann et al., 1988). Cryptoendolithic communities are classified either 
as lichen-dominated or as cyanobacteria-dominated, based on the dominant organ- 
ism in the community (Friedmann, 1982). 



1.7.2 Physical Characteristics oe Cryptoendoliths 

Lichen-dominated cryptoendolithic communities are the most prevalent in the 
Antarctic Dry Valleys (Friedmann, 1982; de la Torre et al., 2003). The communities 
are visible as distinct colored bands, formed by filamentous fungi and unicellular 
green algae (Friedmann, 1982). The bands, or “zones,” are usually comprised of a 
1 mm thick upper black zone, a 2-4 mm thick middle white zone, and a lower green 
zone of similar dimensions (Friedmann, 1982). 
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1.7.3 Microbiology of Cryptoendoliths 

Studies of cryptoendolithic communities in the Dry Valleys have revealed that 
cyanobacteria and lichens are the primary producers of these systems (Friedmann 
et ah, 1988). In lichenized cryptoendolithic communities, molecular methods 
showed a single green algal species, Trebouxia jamesii, to be dominant (de la Torre 
et ah, 2003). T. jamesii is a known component of lichen associations, such as the 
lichenized fungal genus Letharia (Friedl and Rokitta, 1997; Kroken and Taylor, 
2000). This observation is not consistent with microscopic analyses, which have 
indicated the presence of morphologically distinct photobionts. However, it is pos- 
sible that some photobionts can exist as morphological variants (as is the case in 
some fungal associations), which would make identification based on morphology 
difficult. Alternatively, other photobionts may be present in the community but at 
levels that are below the detection limit of the molecular method used (de la Torre 
et al., 2003). 

The analysis of the prokaryotic members of the community showed a diverse 
range of phylotypes related to Actinobacterial, a-Proteobacterial, y-Proteobacterial, 
and Planctomycetales species, and an abundance of an unidentified bacterium, shar- 
ing only 95% identity to a Cytophagales species (de la Torre et ah, 2003). 

Cyanobacteria-dominated communities have been shown, by a combination of 
microscopic and molecular methods, to be comprised of several species related to 
the genus Chroococcidiopsis (Friedmann, 1982), together with cyanobacteria mor- 
phologically similar to Gloeocapsa, Plectonema, and Hormathonema species (de 
la Torre et al., 2003). Such communities also contain fungal phylotypes (Ascaso and 
Wierzchos, 2002). Abundant prokaryotes included a member of the Deinococcus! 
Thermus phylogenetic group and a representative of the a-Proteobacteria. Based 
on clone frequencies in the 16S rRNA gene library, these organisms were thought 
to be present in similar numbers to the principal cyanobacterium, suggesting that 
they may be involved in a syntrophic relationship (de la Torre et al., 2003). The 
clone libraries from the cyanobacteria-dominated community also showed a high 
degree of diversity, with a total of 16 Actinobacterial phylotypes identified. Other 
sequences were encountered only once, or were not similar to any known phyloge- 
netic group. 



1.8 HYPOLITHIC COMMUNITIES 
1.8.1 Hypolithic Habitats 

Hypolithic communities colonize the underside of rocks at the interface between 
rock and soil (Nienow and Friedmann, 1993). They have been found in both hot 
(Schlesinger et al., 2003; Warren-Rhodes et al., 2006) and cold (Smith et al., 2000; 
Cockell and Stokes, 2004; Wood et al., 2008) deserts. Both are subject to extreme 
temperature fluctuations and extreme aridity. Most hypolithic communities char- 
acterized to date have been found beneath quartz stones, a common translucent 
rock type in some (but not all) of the Antarctic Dry Valleys and other desert areas 
(Schlesinger et al., 2003) (Figures 1.4 and 1.5). Other translucent rock types (e.g., 
marble) support similar communities. 
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FIGURE 1.4 (See color insert following page 276.) Filamentous, fungal-dominated 
hypolithic community loosely attached to the underside of translucent quartz (Miers 
Valley, Eastern Antarctica). 




Quartz stone 
(underside) 



Unattached moss- 
dominated 
community 



FIGURE 1.5 (See color insert following page 276.) Unattached, moss-dominated com- 
munity beneath a quartz rock (Miers Valley, Eastern Antarctica). 



1.8.2 Physical Characteristics of Hypoliths 

Hypolithic communities are primarily photosynthetic and the overlying rock must 
be sufficiently translucent for adequate light to penetrate (Cockell and Stokes, 2004). 
The lower depth limit for the growth of the community is probably dictated by 
light transmission, but hypolithic communities have been observed at sites where 
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the irradiance levels are less than 0.1% of the incident light (Schlesinger et ah, 
2003; Thomas, 2005). It is interesting to note that in the Southern Mojave Desert 
(California), hypolithic communities were able to photosynthesize under stones of up 
to 25 mm thick that transmit only 0.08% of incident light (Schlesinger et al., 2003). 

Microbial colonization beneath thicker rocks is confined to the periphery, as 
insufficient light to support photosynthesis is transmitted to the base of the rock 
(Broady, 1981; Schlesinger et al., 2003). Variation in light transmittance through the 
rock also leads to zonation. This can be observed in some hypoliths where green- or 
orange-pigmented green algae are found nearer the soil surface, while cyanobacteria 
are found deeper beneath the rocks (Figure 1.6) (Nienow and Friedmann, 1993). In 
some cases, thin (0.2-0. 5 mm) green biofilms adhere very tighfly fo fhe stone sur- 
face (Smith et al., 2000). These biofilms are mainly comprised of cyanobacteria and 
unicellular green algae (Thomas, 2005). In other cases, growth may be either loosely 
attached or unattached to the underside of the rock (Figures 1.4 and 1.5), depending 
on the main community components. Fungal-dominated communities (Figure 1.4) 
appear loosely attached to the rock while moss-dominated communities (Figure 1.5) 
are visible on the soil beneath, but not adhering to, the rock. In both cases, the perim- 
eter of the community is confined fo that of the overlying rock. 

Soils directly beneath hypolithic rocks have consistently been found to have 
higher water contents than the surface layers of the adjacent soil (Broady, 1981). The 
moisture contents of the basic (pH 7.4-7.7) soils beneath hypoliths sampled from 
areas of the Vestfold Hills were estimated to fall in the range of 6%-14%, whereas 
the adjacent soils contained 0.5%-2% soil moisture (Smith et al., 2000). These val- 
ues may not be typical, however. The mean gravimetric water contents of hypolithic 
communities in the Miers Valley were 0.85% (+0.48%, n = 9), values not statistically 
different from open soils at the same depth (~2cm; 0.72+0.40, n = 9). Water vapor, 
entrained upward from the melting ice-permafrost boundary, may be trapped by the 
overlying rock (Cowan and Ah Tow, 2004). 




Orange pigmented algae 



Cyanobacteria 



FIGURE 1.6 (See color insert following page 276.) Zonation visible in a typical cyanobac- 
teria-dominated hypolithon with orange-pigmented organisms around the periphery and green 
cyanobacteria directly underneath the quartz rock (Miers Valley, Eastern Antarctica). 
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1.8.3 Microbiology OF Hypoliths 

Antarctic hypolithic communities are diverse and complex, and are dominated by 
cyanobacteria. ARISA profiles of hypolithic communities sampled in the Miers 
Valley suggest the presence of multiple cyanobacterial species within each commu- 
nity (Wood et al., 2008). The direct metagenomic analysis of 16S rRNA genes from 
two Antarctic hypolithic communities also showed cyanobacteria to be the dominant 
group (71%-76% of clones) (Smith et al., 2000). The unicellular (Chroococcidiopsis) 
and filamentous (Plectonema) cyanobacteria dominate hypolithic communities 
in the low organic-content mineral soils typical of the Dry Valleys (Nienow and 
Friedmann, 1993). Communities from the Vestfold Hills showed the presence of 
oscillatorian cyanobacteria with morphologies typical of the Lyngbya/Phormidium/ 
Plectonema group and coccoidal cells morphologically similar to Chroococcidiopsis 
(Smith et al., 2000). Cyanobacterial-specific isolation studies yielded two dominant 
filamentous morphotypes, both of which grew between 2°C and 20°C but displayed 
no growth at 25°C (growth temperature behavior typical of “psychrophiles”). Both 
isolates belonged to the Phormidium subgroup according to 16S rRNA gene sequence 
analysis (Smith et al., 2000). Enrichment isolations yielded Chroococcidiopsis-\i\it 
and Synechococcus-Mke. cells and an isolate most closely related to Lyngbya species 
PCC7419 (Smith et al., 2000). 

Desmococcus-Wkt algae, along with Navicula-Mke. diatoms, some mites, and 
nematodes (Smith et al., 2000) were also found in hypolithic communities. 

Using culture-based methods. Smith et al. (2000) have shown that heterotrophic 
bacterial isolates from Vestfold Hills hypolithic communities fall into three groups; 
the Proteobacteria (a and y subdivisions), the order Cytophagales and the class 
Actinobacteria, with many isolates representing novel taxa at the species level. 
While 20%-40% of the viable isolates from hypolithic community samples dis- 
played psychrophilic tolerance, the remainder were mostly non-halophilic and 
psychrotolerant (Smith et al., 2000). Species such as Pseudomonas, Psychrobacter, 
Stenophomonas, Arthrobacter, Achromobacter, Micrococcus, Rhodococcus, Jani- 
bacter, and Gelidibacter occurred in all samples. Other species, however, were more 
erratically distributed and were not found in all hypolithic communities. 

In the same study, clones generated using prokaryote-specific 16S rRNA gene 
primers clustered predominantly with the a-Proteobacteria, the y-Proteobacteria, 
the order Cytophagales, the order Planctomycetales and the class Actinobacteria 
(which accounted for 9% of all clones and was thus the second most abundant phy- 
lum) (Smith et al., 2000). Interestingly, only a single eukaryote clone, clustering 
with the class Ulvophyceae and no archaeal clones, were detected using appropriate 
16S rRNA gene primers. 



1.9 CHASMOENDOLITHIC COMMUNITIES 

1.9.1 CHASMOENDOLITHIC HABITATS 

Chasmoendoliths colonize cracks and fissures in lithic substrates and the habitats 
of these microorganisms are restricted to rock types that are prone to this form of 
weathering. Fissures that run perpendicular to the rock surface, as well as flakes that 
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run parallel to the rock surface, form ideal habitats for chasmoendoliths. Granite 
rocks are particularly prone to flaking and chasmoendoliths have been found as 
predominant colonizers of this rock type (de los Rios et ah, 2005). Chasmoendoliths 
also colonize porous rock made up of mineral grains such as sandstone in the hs- 
sures that form along the grain boundaries (Hoppert et ah, 2004). In the Dry Valleys, 
both chasmoendoliths and cryptoendoliths colonize sandstones, although this rock 
type better supports the cryptoendolithic microbial niche due to the abundance of 
internal cavities in the rock ultrastructure (Golubic et ah, 1981). 

1.9.2 Physical Characteristics of Chasmoendoliths 

Chasmoendolithic communities often show zonation with lichens and green algae 
found nearer the surface and cyanobacteria found at the lowest vegetated level where 
the intensity of transmitted light is lowest (Longton, 1988). Chasmoendolithic bio- 
films have also been observed, adhered to the underside of cleaved granite rock 
fragments (de los Rios et ah, 2007). 

1.9.3 Microbiology of Chasmoendoliths 

Little is known about Antarctic chasmoendolithic microbiology, compared with 
other lithobiontic groups. However, the characterization of structurally different 
chasmoendolithic granite biofilms by de los Rios and coworkers showed that each 
of the biofilms was dominated by a single cyanobacterium (de los Rios et ah, 2007). 
The biofilm dominated by a cyanobacterium closely related to Acaryochloris marina 
formed a loose attachment to the rock. The cells were small and were surrounded 
by a multilayered envelope, a feature of cyanobacteria associated with adaptation to 
extreme environments (de los Rios et ah, 2004, 2007). The tightly attached biofilm 
was dominated by a cyanobacterium phenotypic ally similar to Gloeocapsa but not 
as closely related phylogenetically. Unpigmented heterotrophic bacteria were found 
in association with the biohlms (de los Rios et ah, 2007). 

Chasmoendolithic mosses are often associated with granites in the continental 
interior, although little is known about their microbiology (Riffenburgh, 2007). 



1.10 SOURCES OF LITHOBIONTIC BIODIVERSITY 

The apparent simplicity of lithobiontic communities makes them intriguing targets 
for studies of community origins and evolutions, trophic functionings, and inter- 
species relationships. The origin of the consortia members in such communities 
has been a source of some speculation. Both metagenomic and culture-dependent 
data from hypolithic samples indicate that many identihed organisms cluster with 
marine taxa (i.e., previously only detected in marine environments) (Smith et ah, 
2000). Conversely, a relatively high proportion of psychrophilic and halophilic 
bacterial phylotypes typical of marine environments are represented in lithobi- 
ontic libraries. It has therefore been proposed that the colonization of lithobion- 
tic habitats is dependent on the aeolian transport of organisms from marine to 
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terrestrial environments, where they colonize the underside suitable “refuge” habi- 
tats (Smith et ah, 2000). However, recent phylogenetic studies of open mineral soil 
and hypolithic bacterial communities do not necessarily support this contention. 
Firstly, bacterial phylogenetic data from open soils show numerous phylotypes that 
are more typical of temperate terrestrial soils than marine systems (Smith et ah, 
2006). Secondly, the multivariate analysis of Miers Valley hypolithic communi- 
ties conhrmed that each hypolith harbored a unique community (Khan, 2008), 
and the analysis of similarity (ANOSIM) data showed that hypolithic cyanobacte- 
rial diversity was not significantly different from that of lake or hydroterrestrial 
cyanobacterial mats (Wood et ah, 2008). This result suggests that fresh-water (lake) 
systems, including the associated macroscopic mats, may contribute significantly 
to the terrestrial cyanobacterial populations and, by extension, to other prokaryotic 
groups in refuge habitats. 

The soils underlying the hypolithic communities have been shown to contain 
most of the heterotrophic bacteria, but lack Cyanobacteria, a-Proteobacteria, and 
Flavobacteria (Smith et ah, 2000), groups, which appear to be exclusively restricted 
to the sublithic growth that is closely adhered to the rock. 



1.11 NUTRIENT CYCLING AND PRODUCTIVITY 
OF ANTARCTIC DRY VALLEYS 

Endolithic communities are dependent upon photosynthesis. The effective colo- 
nization and development of such a community therefore requires some level of 
photosynthetic activity, which in turn is dependent on the translucence of the 
overlying rock substrate (Nienow and Friedmann, 1993). Incident light flux is 
also a critical factor. Activity estimates based on microclimate (light) data sug- 
gest that endoliths are able to metabolize for less than 1000 h year"' (Friedmann 
et ah, 1987). 

As with other low productivity environments, the relative contribution of hypo- 
lithic communities to the carbon and nitrogen turnover rates may be significant, 
despite their low total biomass. Hypolithic growth in the Vestfold Hills has been 
shown to cover 66 cm^ m~^ and contribute a total biomass of 0.85 mg chlorophyll 
m~^ (Broady, 1981). This represents a significant addition to the overall ecosystem. 
Similarly, the productivity (in terms of carbon assimilation) of hypolithic commu- 
nities in the Arctic was estimated at approximately 0.8 + 0.3 g m~^ year"' (Cockell 
and Stokes, 2004). As the combined mean productivity from plants, lichens, and 
bryophytes in the region is estimated to be 1. 0 + 0.4 g m"^ year"' (Bliss et ah, 1984), 
then hypolithic community productivity almost doubles the productivity estimates 
for the polar desert environment (Cockell and Stokes, 2004). Although these rates 
of productivity are extremely low when compared to those of temperate grasslands 
and prairies (~1 kg m"^ year"') (Thomas, 2005), hypolithic community production 
is a vital source of nutrition for grazing nematodes and protozoans. Hypolithic 
phototrophs can, therefore, be viewed as the basis for the survival of an entire 
ecosystem in the extremely cold, dry polar environments (Freckman and Virginia, 
1997). 
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1.12 CONCLUSIONS 

The application of modern molecular phylogenetic techniques to Antarctic desert 
soils has thrown up some surprises. Traditionally labeled as “one of the most extreme 
habitats on planet Earth,” where some locations were thought to be essentially sterile, 
Antarctic soils have been shown to contain a large diversity of microbial phylotypes. 
Microbial taxa that typically dominated culture-dependent analyses are often minor 
components or even completely absent from small to medium clone libraries. It is 
also clear that the Antarctic soil systems are anything but homogeneous. Depending 
on the local geology, they contain biological “hotspots” such as refuge lithobiontic 
communities taking advantage of the physical protection provided by rock strata. 
There are indications that such localized communities contribute significantly to the 
total productivity of the system. 

There is much we do not yet know about Antarctic desert microbiology. Our 
knowledge has progressed little beyond an analysis of microbial diversity, and even 
this knowledge has limits. For example, the phylogenetic analyses reported to date are 
relatively limited, where the analysis of a few hundred 16S rRNA gene sequences pro- 
vides little more than a survey of the most dominant organisms. An in-depth analysis 
would require one to two orders of magnitude greater penetration, but the associated 
labor and sequencing costs are currently beyond the scope of most laboratories. 

Less is known about the diversity of eukaryotes than of prokaryotes in Antarctic 
desert soils. Information on the diversity of lower eukaryotes (filamentous and non- 
filamentous fungi) is largely derived from culture-dependent studies, and no com- 
prehensive phylotypic surveys using eukaryotic phylotypic markers have yet been 
published. Similarly, the diversity and role of archaea in Antarctic soils is virtually 
unknown. Some archaeal phylotypes assigned to the low temperature Crenarchaeotes 
have been observed in clone libraries (Khan, 2008), but nothing is yet known about 
the physiological properties or functions of these organisms. Chapter 2 describes the 
Archaeal diversity in the Antarctic continent. 

Our current understanding of viral (phage) diversity in Antarctic soils is restricted 
to a few isolation studies. Given the expectation that phage diversity will be at 
least as large as bacterial diversity, this remains a potentially exciting and greatly 
under-represented field of study. Chapter 7 elaborates the role of bacteriophages in 
Antarctica for horizontal gene transfer. 

The wide availability of high-volume, high-throughput sequencing capacity may 
well change this position radically in the very near future, and an Antarctic soil 
metagenome sequence will reveal much more than merely the diversity of microor- 
ganisms. A large (e.g., multi-Gbp) metagenome sequencing program would provide 
a wealth of information on the phylotypic diversity of all three kingdoms, and could 
potentially provide details on the putative physiological functions of many of the 
phylotypes. Even the partial assembly of a prokaryotic genome may allow a linkage 
between putative function, based on the annotation of genes, operons and pathways, 
and phylotypic identity (putative taxonomy). 

Some issues remain to be resolved. The extent and impact of relict DNA on phylo- 
genetic analyses remains an unknown factor. It is generally assumed that in temper- 
ate moist environments the half-life of turnover of exogenous DNA (from dead lysed 
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cells) is relatively short. The role of relict DNA is therefore assumed to be small, 
and microbial ecologists consistently assume that a phylotypic signal is indicative 
of a viable member of a microbial community. This assumption is not necessarily 
valid for Antarctic desert soils, where the microenvironmental conditions are exactly 
those exploited for DNA stabilization (i.e., low temperature and low water activity). 
While this issue has not as yet been addressed in any depth, preliminary studies 
have indicated that exogenous DNA may be stable over relatively long periods in this 
system (Ah Tow and Cowan, 2005) and a cautionary approach to the interpretation 
of metagenomic sequence data is therefore advised. 
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2.1 INTRODUCTION 

Archaea and bacteria are difficult to distinguish based on their morphology by 
microscopy because they were historically grouped together as prokaryotes. 
However, with the advent of molecular phylogenetic analysis of these taxa, we now 
know that archaea and bacteria are as different from each other as they are from 
Eukarya (Woese and Fox, 1977). 



31 




32 



Polar Microbiology 



The archaeal domain is classified into two major phyla, the Euryarchaeota and the 
Crenarchaeota, and two proposed additional phyla, the Korarchaeota (Barns et ah, 
1996) and the Nanoarchaeota (Huber et al., 2002). Until recently the Euryarchaeota 
were considered to consist predominantly of methanogens, thermophiles, and 
extreme halophiles, whereas the Crenarchaeota and the Korarchaeota were believed 
to consist of either obligately anaerobic sulfur-dependent extreme thermophiles 
or hyperthermophiles, respectively (Barns et al., 1996). With the discovery of 
Crenarchaeota and Euryarchaeota in mesophilic environments, the view that mem- 
bers of the Archaea are only found in “extreme” environments has been revised 
(DeLong, 1998). Previously unknown, uncultivated Archaea were first detected in 
16S rDNA sequences obtained from planktonic assemblages in the Pacific Ocean 
and from coastal marine environments (DeLong, 1992; Eurhman et al., 1992). These 
organisms fall into two groups. Group I forming a deeply branching lineage within 
the Crenarchaeota (DeLong, 1992; Eurhman et al., 1992), and Group II within the 
Euryarchaeota (DeLong, 1992). Since their initial detection in 1992, these Archaea 
have been widely detected in numerous environments, including, marine and fresh- 
water environments; arboreal and agricultural soils; deep subsurface paleosols; and 
anaerobic digesters (DeLong, 1998). The phylum Nanoarchaeota is currently known 
from a single organism Candidatus “Nanoarchaeum equitans;” a nanosized (0.35- 
0.5 pm in diameter) hyperthermophilic symbiont that grows attached to the surface 
of Ignicoccus hospitalis species (Huber et al., 2002; Paper et al., 2007). 

Despite harsh environmental conditions, prokaryotes occupy a diverse range of 
habitats in Antarctica. They have been detected, for example, in marine waters and 
sediment, sea ice, snow, glacial ice, cryoconite holes, lakes, and soils. In this chap- 
ter, we review the abundance and diversity of archaea in Antarctic ecosystems and 
speculate on their roles in ecosystem functioning. Table 2.1 provides a summary of 
studies that have reported archaeal abundance and/or diversity in Antarctica. 

2.2 ARCHAEA IN ANTARCTIC MARINE ECOSYSTEMS 

2.2.1 Seawater 

The Southern Ocean is generally characterized by oligotrophic conditions in terms of 
biomass and production. The water column is not strongly stratified. Coastal waters 
stratify during periods of meltwater formation when the pack ice retreats during 
spring and summer. The Southern Ocean receives virtually no freshwater inflow, no 
terrigenous organic matter, and only small amounts of terrestrially derived micronu- 
trients (e.g., iron). West of the Antarctic Peninsula, water temperature and salinity 
are reasonably stable with temperatures ranging from -1.8°C to h- 2°C and salinities 
from 33.5% to 34.7% (Church et al., 2003). Chlorophyll a concentrations, however, 
vary from below detection limits to 14.9 pg L“', with highest concentrations detected 
in surface waters in summer. 

2.2.1 .1 Archaeal Abundance in Seawater 

In seawater off the Antarctic Peninsula, archaea exhibit temporal and spatial differ- 
ences in abundance and diversity (DeLong et al., 1994; Murray et al., 1998; Massana 
et al., 1998, 2000; Church et al., 2003). 




TABLE 2.1 

Summary of Investigations of the Abundance and Diversity of Archaea in Antarctic Marine and Terrestrial Habitats 
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across Drake Passage (20 m depth) and amplified using Archaea-specific primers. were rare. The clone libraries were 

(Sub-Antarctic) and offshore sites (5 and Clones were used for membrane hybridization dominated by one or two phylotypes with 

one in Arthur Harbor 200 m depths) experiments with universal or group-specific most appearing only once 

(Antarctic) off the archaeal probes. Selected clones were 

Antarctic Peninsula subjected to RFLP analysis and sequencing 




Drake Passage between Seawater collected from 1 6S rRNA gene clone libraries were In deep sea samples from the 3000 m depth Lopez-Garcfa 

the Antarctic Peninsula 25 to 3000 m depth constructed using archaeal or prokaryote- of the Antarctic Polar Front only et al. 

and South America specific primers. Selected clones were Euryarchaeota were detected. While most (200 1 a, b) 

and Gerlache Strait of sequenced belonged to Groups II and III, a cluster of 

the Antarctic Peninsula distinct sequences related to the Halobac- 
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to isolate pure cultures. methanol and methylamines but not HjiCOj, 

formate or acetate. The optimum temperature 
for growth was 23.4°C. M. frigidum is a 
psychrophile which grew by CO 2 reduction 
using Hj as reductant and required salt. 




Ace, Pendant, Scale, Single anoxic sediment 1 6S rRNA gene clone libraries were Ten euryarchaeal phylotypes were detected. Bowman etal. 

Burton, and Clear samples from 10 to 59 m constructed using universal primers. Clones only one of which clustered with a (2000a) 

Lakes, Vestfold Hills, depth were subjected to RFLP and representatives cultivated species, the methanogen 

East Antarctica of unique phylotypes were sequenced. Methanosarcina barkeri. Two phylotypes, 

containing clones from Scale and Burton 
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sulfidic monomolimnion nine to the Euryarchaeota. Many of the 

(21.5-22.0 m). phylotypes were most closely related to 

clones retrieved from Antarctic sources. 
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A large cluster in anoxic deep waters was 
related to marine euryarchaeotes and 
several orders of methanogens. The 
crenarchaeotes clustered with Marine 
Benthic Group C. 




Hypersaline Lakes 

Deep Lake, Vestfold Diphasic water-sediment Sample was incubated in the light for 3 Halorubrum (formerly Halobacterium) Franzmann 

Hills, East Antarctica. sample. months then streaked on to solid media /acMipTO/Hrirfi was isolated; it required salt etal. (1988) 

prepared with Deep Lake water amended for growth and utilized sugars, alcohol. 
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Valley, McMurdo Dry moated area of the lake. using archaeal-specific primers. Clones were distantly related to Methanoculleus etal. (2001) 

Valleys subjected to RFLP and representatives of palmolei. 

unique phylotypes were sequenced. 
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representatives of unique phylotypes were Crenarchaeaota sourced from deep- 

sequenced. subsurface environments. 
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Archaeal abundance in picoplankton smaller than 1 |im was high in surface 
coastal waters in the late winter and early spring (DeLong et ah, 1994; Murray et ah, 
1998). Archaeal rRNA abundance ranged from 21% to 34% of the total prokaryotic 
rRNA in late winter samples (DeLong et al., 1994) but declined to below detection 
levels during summer (Murray et ak, 1998; Church et al., 2003). In situ hybridiza- 
tion experiments revealed that 5%-14% of DAPI-stained cells were archaeal, corre- 
sponding to 0.9-2.7 X 10“* archaeal cells mL~' in late winter samples (Murray et al., 
1998). In the Austral spring, rRNA was more abundant at depth (500 m) than at the 
surface, much of which was attributed to Group I Crenarchaeota. In contrast. Group 
II Euryarchaeota were more prevalent in surface waters (Massana et al., 1998). 

Using fluorescent in situ hybridization (FISH) probes targeting Group I 
Crenarchaeota and Group II Euryarchaeota, Church et al. (2003) revealed that Group 
I abundance varied seasonally and with depth. During summer, numbers of Group 
I in surface waters accounted for <1% of the picoplankton, but numbers increased 
with depth to account for 9%-39% of picoplankton in deep water. In winter. Group 
I members were more evenly distributed in the water column, averaging 10% of the 
picoplankton in surface waters and 13% in deeper waters. Group II represented <2% 
of the picoplankton abundance throughout the water column in summer and winter 
(Church et al., 2003). 

2. 2.1. 2 Archaeal Diversity in Seawater 

To assess archaeal diversity in marine Antarctic waters, clone libraries have been 
constructed using amplified DNA extracted from picoplankton from coastal and 
offshore sites off East Antarctica (DeLong et al., 1994, 1998; Massana et al., 2000; 
Lopez-Garcia et al., 2001a,b). Using this methodology. Group I Crenarchaeota 
belonging to lineage 1.1a (or Group 1.1a) (Figure 2.1) appeared generally to be the 
most abundant archaeal group in marine waters (DeLong et al., 1994; Massana 
et al., 2000). Group II Euryarchaeota clones were less frequent but were still rel- 
atively common in surface water (Massana et al., 2000). In contrast. Group III 
Euryarchaeota were more common in deeper waters but were less widely dis- 
tributed and abundant than either Group 1.1a or Group II (Lopez-Garcia et al., 
2001a,b). The clone libraries were generally characterized by dominance of one or 
two phylotypes, with some phylotypes represented by very few clones (Massana 
et al., 2000). Furthermore the comparison of the phylotypes from different librar- 
ies revealed that the dominant types were present in most samples examined. This 
pattern suggests the presence of a limited number of ubiquitous taxa (Massana 
et al., 2000). In deep-sea samples from the 3000 m depth of the Antarctic Polar 
Front, only Euryarchaeota were detected (Lopez-Garcia et al., 2001b). While most 
belonged to Groups II and III, others were assigned to Group IV, a basal lineage 
related to the Halobacteria (Lopez-Garcia et al., 2001a,b) (Figures 2.2 and 2.3). 
The Group IV Euryarchaeota have never been detected in surface waters (Lopez- 
Garcia et al., 2001b). 

In Antarctica, most investigations of archaeal diversity in marine waters have 
focused on the Antarctic Peninsula. Webster and Negri (2006), however, have 
detected archaea in marine biofilms on glass slides incubated in the coastal waters 
of the Ross Sea region. 
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FIGURE 2.1 16S rRNA gene-based phylogenetic tree showing the relationship of cloned 

archaeal Antarctic sample-derived sequences (indicated in bold type) to the phylum 
Crenarchaeota. Sequences of cultured species represented are from type strains and for most 
genera only show the type species. Group labels were adapted from Schleper et al. (2005). 
Uncultured clones were derived from sediments of the continental shelf, deep sea and a lake 
(Mertz Polynya, Weddell Sea, Lake Fryxell), coastal areas (Casey Base region), and seawater 
(Drake Passage); sponge samples (McMurdo Sound) and soil samples (Ross Sea region). The 
tree is based on sequences clustered by Maximum Likelihood and Neighborhood joining 
algorithms. 
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FIGURE 2.2 16S rRNA gene-based phylogenetic tree showing the relationship of cloned 

archaeal Antarctic sample-derived sequences (indicated in bold type) to the phylum 
Euryarchaeota. Sequences of cultured species represented are from type strains and for most 
genera only show the type species. Group labels were adapted from Schleper et al. (2005). 
The widely distributed Ace-6 group is equivalent to the DHVE6 clade shown in Schleper 
et al. (2005). Uncultured clones were derived from seawater (Drake Passage, Antarctic Polar 
Eront); soil (Ross Sea region); and the sediment of freshwater to moderately saline lakes 
(Taylor Valley, Vestfold Hills), continental shelf sediments (Mertz Polynya), and coastal areas 
(Casey Base region). The tree is based on sequences clustered by Maximum Likelihood and 
Neighborhood joining algorithms. 
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FIGURE 2.3 16S rRNA gene-based phylogenetic tree showing the relationship of cloned 

and cultured archaeal Antarctic sample-derived sequences (indicated in bold type) to the 
class Halobacteria. Sequences of cultured species represented are from type strains and 
for most genera only show the type species. Marine Group IV represents a related but 
a separate lineage of uncultured taxa obtained mainly from deep-sea seawater samples. 
Cultured halobacteria include H. lacusprofundi. Uncultured clones were derived from the 
sediment of hypersaline and saline lakes of the Vestfold Hills region and Taylor Valley. The 
tree is based on sequences clustered by Maximum Likelihood and Neighborhood joining 
algorithms. 



2. 2.1. 3 Putative Archaeal Function in Seawater 

The abundance of archaea in Antarctic marine waters suggests they play a key 
role in globally significant biogeochemical processes (DeLong et al., 1994). In a 
metagenomic study of the Saragasso Sea, Venter et al. (2004) noted the presence of 
genes encoding the ammonia monoxygenase iamoA) enzyme complex associated 
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with archaeal 16S rRNA genes, indicating the potential role of archaea in nitrifica- 
tion in the ocean. The physiological role of these putative genes was confirmed by 
the isolation of the crenarchaeote Candidatus “Nitrosopumilus maritimus” SCMl 
(belonging to Group 1.1a) from a temperate marine aquarium. This organism grows 
chemolithotrophically with ammonia as sole energy source (Konneke et al., 2005), 
but its growth was inhibited by organic compounds even at low concentrations. This 
may explain the observed negative correlation between archaeal rRNA levels and 
phytoplankton in surface coastal waters in Antarctica in summer (Murray et al., 
1998). The release of organic material by phytoplankton, combined with low concen- 
trations of ammonia could limit the abundance of Group 1.1a Crenarchaea. Archaeal 
ammonia-oxidizing genes have subsequently been shown to be widely distributed 
in marine environments (Francis et al., 2005; Wuchter et al., 2006), although it is 
not the case in the Southern Ocean. In addition to nitrification, marine archaea may 
contribute to carbon cycling. Both Crenarchaeota and Euryarchaeota in Antarctic 
waters from 200 to 3000 m depth were reported by Herndl et al. (2005) to assimilate 
'■^C-bicarbonate and ^H-leucine. These authors concluded that archaea, particularly 
at depth, might play a significant role in carbon cycling in ocean ecosystems. 

2.2.2 Marine Sediment 

It has been reported that archaea are neither abundant nor diverse in coastal sedi- 
ments, with most belonging to the Euryarchaeota in either Group III or the methano- 
gens (Bowman et al., 2000a; Purdy et al., 2003). In contrast, archaea are abundant in 
continental and deep-sea sediment, with Group I. la Crenarchaeota predominating 
(Bowman and McCuaig, 2003; Gillan and Danis, 2007). 

In coastal sediments from Shallow Bay off Signy Island, the archaeal community 
represented <1% of the total prokaryotic community (Purdy et al., 2003). All clones 
constructed from sediment DNA and sequenced were Euryarchaeota closely related 
to methanogens belonging to the genera Methanogenium, Methanococcoides, and 
Methanolobus (Eigure 2.4). In Shallow Bay sediment, methanogenesis represented 
only a small proportion of the total carbon flow (-2%) through the system (Purdy 
et al., 2003). However, when sulfate reduction was inhibited, methanogenesis 
increased, suggesting that methanogens were not able to compete with sulfate reduc- 
ing bacteria for available growth substrates. Methanogens, most closely related to 
Methanobacterium, were also detected in coastal sediments from near Casey Base in 
East Antarctica (Powell, 2004). Other euryarchaeal clones detected in East Antarctic 
sediments from near Casey Base (Powell et al., 2003; Powell, 2004) or Tayana Bay 
(Bowman et al., 2000a) belonged to Group III, or Ace-6 (Eigure 2.2). Crenarchaeal 
clones in sediments from near Casey Base belonged to Marine Benthic Group B and 
were related to those from continental sediments (Figure 2.1). 

In continental shelf sediments collected off East Antarctica, archaea were abun- 
dant in surface layers of sediment but declined significantly below 1 cm (Bowman 
et al., 2003). Subsequent investigations revealed that Group 1.1a Crenarchaeota 
predominated in the surface layer of a sediment core collected from 761 m depth 
within the Mertz Glacier Polynya off East Antarctica. The deeper layers were more 
diverse in archaeal composition (Bowman and McCuaig, 2003). A single Group 1.1a 
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FIGURE 2.4 16S rRNA gene-based phylogenetic tree showing the relationship of cloned 

and cultured archaeal Antarctic sample-derived sequences (indicated in bold type) to meth- 
anogens of the orders Methanomicrobiales and Methanosarcinales. Sequences of cultured 
species represented are from type strains and for most genera only show the type species. 
Methanocella paludicola represents a related but separate lineage. Cultured Antarctic metha- 
nogens include Methanococcoides burtonii and M. frigidum. Uncultured clones were derived 
from sediment from lakes and coastal areas of Antarctica including Signy Is., Taylor Valley, 
and Vestfold Hills. The tree is based on sequences clustered by Maximum Likelihood and 
Neighborhood joining algorithms. 



phylotype (clone Mertz-2cm-56), representing 80% of all archaeal clones (found 
at all depths), was most similar to a hydrothermal vent clone (Figure 2.1). Other 
crenarchaeal clones clustered with organisms from deep-sea and shelf sediments 
and belonged to Marine Benthic Groups B and C, and Group 1.2 (Figure 2.1). The 
Euryarchaeota clones were phylogenetically similar to those previously found in 
brackish or saline sediment, and belonged to Ace-6, Pendant-33 and Groups II and 
III (Figure 2.2). In this study it was noted that the relative abundance of archaea may 
be underestimated in clone libraries constructed with universal primers targeting the 
16S rRNA genes due to PCR bias. 




Archaeal Diversity in Antarctic Ecosystems 



49 



Similar to the observations by Bowman and McCuaig (2003), Gillan and Danis 
(2007) found that Group 1.1a Crenarchaeota predominate in surface sediment sam- 
ples from the bathypelagic zone (2165-3406 m) in the Weddell Sea. All but one of 
the 146 sequenced clones belonged to the Group 1.1a Crenarchaeota (Figure 2.1). 
The crenarchaeal sequences formed three phylogenetic clusters, two of them con- 
taining known nitrifiers (Gillan and Danis, 2007). One cluster (78.8% of the clones) 
comprised the nitrifier N. maritimus and clones from deep-sea sediments. A second 
cluster (7.5% of the clones) contained two symbionts of marine sponges: Candidatus 
“Cenarchaeum symbiosum” (host: Axinella mexicana) and clone A7G11 (host: 
Axinella polycapelld). The environmental genomic analysis of these symbiotic cre- 
narchaeotes indicates their ability to use autotrophic pathways for energy generation 
derived from the oxidation of ammonia (Hallam et al., 2006). The closest relatives 
of the third group (13% of clones) were clones retrieved from near the mid-Atlantic 
ridge, a tropical seawater tank, and the Atlantic Ocean abyssal plain. These data 
indicate Group 1.1a Crenarchaeota are abundant in Antarctic bathypelagic sedi- 
ments and phylogenetic inference indicates these communities may be autotrophs 
that oxidize ammonia. 

2.2.3 Sea Ice 

Sea ice in the Southern Ocean provides an extensive habitat for the growth of 
microorganisms. Sea ice is temporally and spatially variable. Most Antarctic sea 
ice is annual. At winter, maximum (September) ice cover may reach 20 x 10^ km^ 
but by midsummer (February) is usually reduced to less than 4x10^ km^. The 
internal temperature of the sea ice ranges from -1°C to -15°C and the salinity 
of sea ice brine inclusions from <10% to >150%. Microbial assemblages form in 
these brine inclusions within ice floes, and are concentrated near the sea ice seawa- 
ter interface. The assemblages consist mainly of diatoms, as well as autrotrophic 
nanoflagellates, autotrophic and heterotrophic dinoflagellates, and heterotrophic 
flagellates. Bacteria occur throughout the ice, particularly at the surface and asso- 
ciate with algae. In contrast, numbers of archaea are below detection levels (<1% 
of total numbers) during the spring and summer months (Brown and Bowman, 
2001). Whether numbers of archaea are higher in sea ice in winter, as has been 
observed for these organisms in marine picoplankton below the sea ice, has yet to 
be determined (DeLong et al., 1994). The support for a possible seasonal pattern 
is indicated by a study in Arctic sea ice, where archaea were at detectable levels 
(up to 3.4%) in winter samples only (Junge et al., 2004). Archaea were not detected 
in accretion ice from under the Amery ice shelf (Twin, personal communication, 
unpublished). 

2.2.4 Sponge Symbionts 

There has been little consideration of archaea associated with Antarctic plants and 
animals. A notable exception is the study of Webster et al. (2004) who assessed the 
archaeal communities associated with the Antarctic sponges Kirkpatrickia varia- 
losa, Latrunculia apicalis, Homaxinella balfourensis, Sphaerotylus antarcticus. 
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and Mycale acerata from McMurdo Sound in the Ross Sea. One hundred and fifty 
archaeal clones were screened by restriction fragment length polymorphism and four 
phylotyes were obtained. All belonged to Group 1.1a Crenarchaeota (Figure 2.1). 
Phylogenetic analysis indicated close relationships to clones of the tropical sponge 
Rhopaloeides odorabile and, more distantly, Candidatus “C. symbiosum” from the 
temperate sponge A. mexicana (Webster et al., 2004). No archaeal PCR products 
were detected from the sponges H. balfourensis or S. antarcticus. 



2.3 ANTARCTIC TERRESTRIAL ECOSYSTEMS 

2.3.1 Antarctic Soil 

Soils are located mainly along the continental coastline and adjacent areas, particu- 
larly on the Antarctic Peninsula and in the Ross Sea region. These are cold desert 
soils, characterized by low soil temperatures and moistures. The soils comprise a 
surface pavement and a seasonally thawed active layer over permafrost. The surface 
pavement is a layer of gravel, stones, and/or boulders. The depth of the active layer 
ranges from <5 to >70 cm. Permafrost underlies all exposed ground surfaces except 
those heated by volcanism. The soils typically have low levels of organic carbon and 
nitrogen and are low in clay. Soil pH may range from weakly acidic (pH 6) in inland 
soils to highly alkaline in coastal regions (pH 9). To our knowledge, archaea have 
only been investigated in soils of the Ross Sea region. 

2.3.1 .1 Archaeal Diversity and Abundance in Antarctic Soils 

The abundance and diversity of archaea was assessed in mineral and ornithogenic 
soils from 12 locations across the Ross Sea region (Ayton et al., submitted). Archaea 
were not abundant. Cells labelled with archaeal-specific or crenarchaeal-specific 
FISH probes were observed by microscopy in one surface soil sample only, from 
near Scott Base on Ross Island, but at numbers too low to enumerate. Archaeal DNA 
sufficient for producing 16S rRNA gene clone libraries was extracted from 18 of 51 
soil samples from four locations. Between 67 and 89 clones per sample were ana- 
lyzed by restriction fragment length polymorphism and assigned to 43 phylotypes. 
Representatives of each phylotype were sequenced. More than 99% of the archaeal 
soil clones belonged to Group 1.1b Crenarchaeota and clustered together with 16S 
rRNA genes from fosmid 54d9 (GenBank accession number AJ496176) that contains 
the amoA gene (Treusch et al., 2005) (Figure 2.1). Typically the crenarchaeal clone 
sequences were most similar (>98%) to those retrieved from soils, including those 
from agricultural fields, deglaciated sites, and alkaline-saline environments. The 
few Euryarchaeota clones obtained belonged to Group III (Figure 2.2) and were most 
similar to clones from alkaline-saline soil or cold sulfidic springs. 

Ayton et al. (submitted) found archaea to be most prevalent in pristine coastal 
mineral soils from Scott base. Marble Point, Granite Harbor, and Minna Bluff, but 
they were also detected in two inland soil samples from Victoria Valley. Archaea 
were absent from ornithogenic soils from Cape Bird and Cape Hallett. Similar to 
pristine soils archaea in oil-contaminated soil from Scott Base and Marble Point 
were dominated by Group 1.1b crenarchaeota (Ayton et al., submitted). Some clones 
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were more prevalent in soils at depth, associated with lower values of pH, electrical 
conductivity, organic C, NH 4 -N, and total P. In contrast, different clones tended 
to occur in surface soils with high total N and NO3-N (Ayton et al., submitted). 
Archaea were distributed throughout the active layer, but sparse in the surface layer 
at some sites. 

The analysis of archaeal diversity in a single thermally heated soil sample from 
Mount Erebus on Ross Island revealed the presence of Crenarchaeota affiliated with 
organisms from deep-subsurface environments (Soo et al., 2009). 

2. 3.1. 2 Putative Archaeal Function in Soil 

Recent investigations of soil Crenarchaeota have suggested that members of 
Groupl.lb are nitrifiers. Metagenomic studies have revealed that soil Crenarchaeota 
belonging to Group 1.1b contain and express genes encoding the ammonia mon- 
oxygenase (amoA) enzyme complex (Nicol and Schleper, 2006). The significance 
of archaeal nitrification in soil was supported by the report that archaeal amoA 
genes were more abundant than bacterial amoA genes in a range of temperate soils, 
particularly at depth (Leininger et al., 2006). Furthermore, Nicol et al. (2008) 
observed remarkable phylogenetic congruence between both 16S rRNA genes 
and the functional gene amoA that encodes the ammonia monoxygenase enzyme 
complex in archaea. Potential nitrification activity has been measured in Antarctic 
soils (Hopkins et al., 2006; Yergeau et al., 2007), and bacterial, but not archaeal, 
amoA genes have been investigated (Yergeau et al., 2007). A gene that encodes the 
methanogen-specific methyl coenzyme reductase has been detected in Dry Valley 
soils (Hopkins et al., 2005). It was thought to originate from methanogens in wet, 
organic-rich lake margins. The rates of in situ methanogenesis within 1 m of lake 
margins in the Garwood Valley were comparable to those from temperate and sub- 
Arctic wetlands; however, Ayton et al. (submitted) found Euryarchaeota not to be 
abundant in soil under a cyanobacterial mat on the margins of a lake below the 
Victoria Upper Glacier. 

2.3.2 Antarctic Lakes 

Antarctic lakes occur in ice-free regions and in subglacial environments. Here we 
consider only surface lakes, derived from either freshwater systems or progressively 
saline through evaporation or release of salts from sediments of marine origin, or by 
uplift of the land trapping a body of sea water. In many of the saline systems there 
has been an influx of fresh melt-water that has overlain the saline water. The excep- 
tional stability provided by the saline bottom waters and the presence of a thick ice 
cover, often year round, makes the stratification permanent (a meromictic system). 
Microbial mats that develop on the upper surface of lake sediments, are formed 
by filamentous matrices of cyanobacteria including Phormidium, Oscillatoria, and 
Nostoc species. Heterotrophic microbes are also present in the mats (Brambilla et 
al., 2001). A significant cycling of carbon, nitrogen, and methane has been measured 
in the lake sediments and anoxic bottom waters. Archaeal diversity assessments have 
been conducted on lakes of the Vestfold Hills in East Antarctica, those of the Dry 
Valleys in the Ross Sea region, and Signy Island on the Antarctic Peninsula. 
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2. 3. 2.1 Freshwater to Moderately Saline Lakes — Archaeal 
Abundance and Diversity 

Archaea in freshwater to moderately saline lakes appear be more abundant in anoxic 
bottom waters or sediments. Methanogens are common and have been isolated from 
or detected in these environments (Franzmann et ah, 1992, 1997; Bowman et al. 
2000a; Purdy et ah, 2003; Coolen et ah, 2004; Karr et ah, 2006). 

Ace Lake is the most studied marine meromictic lake in Antarctica. Saline strati- 
fication in the lake maintains zones that are supersaturated with oxygen, through to 
anoxic bottom waters. Conditions in the lake are cold (maximum of 5°C) with sul- 
fidic, sulfate-depleted and methane-saturated bottom waters. The lake is about 25 m 
deep, is ice-covered for 11 months of the year, and the oxic/anoxic interface occurs 
between 11 and 12 m depth (Coolen et ah, 2004). 

Archaeal PCR products were obtained from particulate organic matter (POM) 
in the anoxic, sulfidic bottom waters and the sediment of Ace Lake but not from 
the oxic mixolimnion, and were subjected to denaturing gradient gel electrophoresis 
(DGGE). Coolen et al. (2004) detected 15 POM archaeal sequences by DGGE, 13 
of which represented unique phylotypes. Ten phylotypes belonged to the phylum 
Euryarchaeota, all of which were most closely related to clones previously known 
from Antarctic lakes or continental shelf sediments and appear to belong to the 
lineages Pendant-33 and Ace-6 (Bowman et ah, 2000a; Bowman and McCuaig, 
2003). Three Crenarchaeota phylotypes were obtained from the 14-19 m depth and 
similarly clustered phylogenetically with clones from Antarctic continental shelf sed- 
iments (Bowman and McCuaig, 2003). From the lake sediment, 16 phylotypes were 
recovered, with 14 belonging to the Euryarchaeota, and two to the Crenarchaeota. Of 
the Euryarchaeota, two were phylogenetically related to the genus Methanosarcina, 
one was distantly related to clones from a freshwater lake, and the remainder were 
distantly related to clones from various marine environments, including members of 
Group III. 

Bowman et al. (2000a) examined prokaryotic diversity in the anoxic sediments 
from brackish to marine salinity meromictic lakes in the Vestfold Hills. All the 
archaeal clones in the 16S rRNA gene libraries belonged to the Euryarchaeota. Some 
of the clones were phylogenetically related to methanogens (Eigure 2.4). Clones from 
Ace and Scale Lakes were related to Methanosarcina, members of which have been 
cultivated in the laboratory, whereas others from Ace Lake and Burton Lake clustered 
within the Methanomicrobiales but typically had no close cultured relatives. Many 
of the clones formed a divergent cluster within the euryarchaeal “sediment Archaea” 
group. Two clades within this cluster have since been renamed as Pendant-33 group 
and Ace-6 group (Eigure 2.2). Because they were affiliated with clones from anoxic 
environments, the authors suggested that this group is capable of anaerobic metabo- 
lism. Burton and Scale Lakes contained clones that belonged to Group III and were 
affiliated with clones from marine sediments. 

Methanococcoides burtonii and Methanogenium frigidum were isolated from 
anoxic water from Ace Lake (Franzmann et ah, 1992, 1997). M. frigidum is a non- 
motile, salt-requiring (350 mM Na+) psychrophile that uses H 2 and CO 2 for growth. 
In contrast M. burtonii uses methyl substrates (trimethylamine and methanol), is 
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flagellated and motile, and psychrotolerant as it grows at low temperatures but has an 
optimum temperature for growth at 23.4°C. Because M. burtonii is a methylotrophic 
methanogen, it does not compete with hydrogen-utilizing, sulfate-reducing bacteria 
in the environment. M. burtonii may be cosmopolitan in cold environments, as it 
has a close relative (Methanococcoides alaskense, 99.8% 16S rRNA identity) iso- 
lated from Alaska (Singh et al., 2005) and is closely related to clones retrieved from 
the sediment of Shallow Bay, Signy Island (>99% 16S rRNA gene identity) (Purdy 
et al., 2003) (Figure 2.4). The genomes of M. burtonii and M. frigidum have been 
sequenced and investigations of their molecular mechanisms for cold adaptation are 
proceeding (Cavicchioli, 2006). 

Lake Fryxell in the McMurdo Dry Valleys region is a freshwater lake 18 m deep 
that exhibits significant sulfur and methane cycling. Genes encoding archaeal 16S 
rRNA genes were amplified from DNA from Lake Fryxell water and sediment and 
subjected to DGGE (Karr et al., 2006). Selected DGGE bands from the sediment 
and 11, 14, and 17 m water depths were reamplified and sequenced. Phylogenetic 
analysis showed that at least four clades of Archaea inhabited Lake Eryxell: three 
Euryarchaeota and one Crenarchaeota (Karr et al., 2006). Two clades of metha- 
nogens were detected in the sediment, one of which was most closely related to 
Methanosarcina species (Figure 2.4). The presence of Methanosarcina-like metha- 
nogens in Lake Fryxell sediments was confirmed by the isolation of strain FRX-1, a 
methylotrophic Methanosarcina species (Kendall et al., 2007). The second clade of 
methanogens in Lake Fryxell sediments was related to species of Methanoculleus, 
and Methanolinea. Methanoculleus-like. 16S rRNA gene sequences have also been 
reported in a cyanobacterial mat sample from the shallow, moated area of Lake 
Fryxell. Of the 72 clones obtained from the mat, >90% was distantly related to 
M. palmolei (Brambilla et al., 2001). A large clade of Euryarchaeota (clones LFAc2 
to 9), belonging to Pendant-33 group (Figure 2.2) and related to marine clones, was 
found in anoxic waters of Lake Fryxell between 14 and 17 m depth. Between 12 m 
depth and the surface sediment, methane concentrations declined and sulfide 
increased. This led the authors to propose that the Euryarchaeota represented by 
clones LFAc2 to 9 were involved in anoxic methanotrophy using sulfide as an elec- 
tron acceptor since alternative electron acceptors such as NOj, Mn'*+, and Fe^+ were 
undetectable in the anoxic waters. Clones LEAc2 to 9 were only distantly related 
to the anaerobic methane-oxidizing (ANME) groups that catalyze anoxic metha- 
notrophy in marine sediments (Hallam et al., 2003). The closest relatives of the sole 
crenarchaeota phylotype recovered from Lake Fryxell were obtained from water 
above the oxycline (11 m). The sequence was most closely related to crenarchaeotal 
Marine Benthic Group C (Figure 2.1). Because both oxygen and sulfide were present 
at 11 m, the authors speculated that the Crenarchaeota may grow by utilizing sulfide 
as either an electron donor or an electron acceptor (Karr et al., 2006). 

Lake Heywood is a freshwater lake on Signy Island. It is up to 7 m deep and is 
ice-covered for most of the year. When ice-covered, the lake is stratified and has 
anoxic bottom waters. Both methanogenesis and sulfate reduction were measured 
in the sediments in the laboratory, though methanogenesis was dominant (Purdy 
et al., 2003). Archaea were abundant in the sediment of Lake Heywood (-34% of 
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the total prokaryotic community), but their diversity was limited. Three groups of 
clones were detected, all members of phylum Euryarchaeota. Most of the clones 
(e.g., clone LHll) were related to the known obligate acetate-utilizing Methanosaeta 
concilii and others were related to hydrogen-utilizing Methanogenium spp. including 
Methanogenium organophilum (Figure 2.4). 

2. 3. 2. 2 Hypersaline Lakes — Archaeal Abundance and Diversity 

From the few investigations of hypersaline lakes, it appears that archaeal diversity 
is limited, with most clones assigned to the Halobacteria. Furthermore, difficul- 
ties experienced in amplifying archaeal DNA suggest that the overall abundance of 
archaea is low (Bowman et al., 2000b; Glatz et al., 2006). 

Archaeal diversity has been assessed in sediments from three hypersaline lakes: 
Deep Fake, Organic Fake, and Ekho Fake in the Vestfold Hills in East Antarctica 
(Bowman et al., 2000b). These lakes, formed by the evaporation of seawater, are 
nearly or completely perennially ice-free. Deep and Organic Fakes have sediments 
with subzero temperatures. Deep Fake is 36 m deep, and monomictic, with salin- 
ity 10 times that of seawater. Organic Fake is a relatively shallow (7.5 m deep) and 
meromictic lake. 16S rRNA gene clone libraries were constructed using universal 
primers. None of the clones detected in Ekho Fake sediment were archaeal, whereas 
7.8% of the clones retrieved from Organic Fake sediment and most of the clones 
from Deep Fake sediment were archaeal. The archaeal clones were assigned to eight 
distinct phylotypes affiliated with the Halobacteria. The predominant phylotype rep- 
resented by Deep Fake sediment clone 1 grouped closely with the psychrotolerant 
Halorubrum lacusprofundi originally isolated from the same lake (Franzmann et 
al., 1988) (Figure 2.3). H. lacusprofundi has been shown to require 1.5 M NaCl for 
growth and utilizes sugars, alcohol and organic acids as carbon source and complex 
nitrogen compounds (not ammonium), for growth. The remaining phylotypes, com- 
mon to both Deep Fake and Organic Fake, clustered together and were affiliated 
with a clone from a salt marsh environment (Bowman et al., 2000b). 

Fake Bonney is a permanently ice-covered lake in Taylor Valley. The lake 
consists of two lobes, both approximately 40 m deep, connected by a narrow shallow 
passage (12-13 m deep). The bottom waters are suboxic to anoxic, have subzero tem- 
peratures and salinities 6-10 times that of seawater. DNA was extracted from water 
collected from 5 depths (13 and 16 m in the West lobe and 16, 19, and 25 m in the 
East lobe) and amplified with archaeal specific primers either directly or using nested 
PCR (Glatz et al., 2006). The restriction fragment length polymorphism analysis of 
190 archaeal clones retrieved from only two samples (East lobe 25 m and West lobe 
16 m) revealed a dominant clone (>90% of all clones) affiliated with Euryarchaeota 
clones obtained from other hypersaline environments including sediment from Deep 
Fake and Organic Fake (Figure 2.3) (Glatz et al., 2006). 

2.3.3 Archaeal Abundance and Diversity oe Other Terrestrial Habitats 

Archaea were not detected in some studies of selected Antarctic terrestrial habi- 
tats. These include investigations of cyanobacterial biofilms in quartz stone subliths 
(Smith et al., 2000), cryptoendolithic environments (de la Torre et al., 2003), alkaline 
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epiglacial lakes, glacial ice cores (Lee et al., 2005; Twin, personal communication, 
unpublished), cryoconite holes (Christner et al., 2003), and accretion ice from Lake 
Vostok (Christner et al., 2001). As far as we know, archaea have not been sought in 
transient rivers and streams or their hyporheic zone. 

2.4 SUMMARY 

In the absence of pure cultures, understanding the habitat preferences, probable car- 
bon and energy sources and physiological properties of Archaea in Antarctica is a 



TABLE 2.2 

Distribution of Archaeal Groups within Antarctic Habitats 





Archaeal 






Habitat 


Phylum 


Taxonomic Affiliation^ 


References 


Marine waters 


Crenarchaeota 


Group P 


DeLong et al. (2004), Massana et al. 




Euryarchaeota 


Group II, Group III, 


(2000), and Lopez-Garcia et al. 






Group IV 


(2001a,b) 


Marine coastal 


Crenarchaeota 


Marine Benthic Group B 


Bowman et al. (2000a) 


sediments 


Euryarchaeota 


Group III, Ace-6, 


Purdy et al. (2003), Powell et al. 






Methanomicrobiales, 

Methanosarcinales 


(2003), and Powell (2004) 


Marine off-shore 


Crenarchaeota 


Group 1.1a, Group 1.2, 


Bowman and McCuaig (2003) 


sediments 




Marine Benthic 
Group B, Marine 
Benthic Group C 






Euryarchaeota 


Group II, Group III, 








Pendant-33, Ace-6 




Sponge 


Crenarchaeota 


Group 1.1a 


Webster et al. (2004) 


symbionts 

Soil 


Crenarchaeota 


Group 1.1b 


Ayton et al. (submitted) 




Euryarchaeota 


Group III 




Microbial mats 


Euryarchaeota 


Methanomicrobiales 


Brambilla et al. (2001) 


Freshwater/ 


Crenarchaeota 


Marine Benthic Group C 


Franzmann et al. (1992, 1997), 


moderately 


Euryarchaeota 


Group III, 


Bowman et al. (2000a), Purdy et al. 


saline lakes 




Methanomicrobiales, 
Methanosarcinales, 
Pendant-33, Ace-6 


(2003), Karr et al. (2006) 


Saline lakes 


Euryarchaeota 


Halobacteria 


Franzmann et al. (1982), Bowman 



et al. (2000b), and Glatz et al. 
(2006) 



^ Per Cavicchioli (2006). 

^ The Group I Crenarchaeota contains a number of subclusters that appear to be specific to particular 
environments. Group I Crenarchaeota from marine plankton fall into subcluster Group 1.1a; whereas 
Group I Crenarchaeota from soil, lake sediments and marine snow tend to belong to subcluster Group 
1.1b. 
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challenge. From the few studies conducted so far it appears that Archaea are however 
widely distributed in Antarctic ecosystems and may play important ecological roles. 
Where archaea have been detected in Antarctica, Group 1.1a Crenarchaeota domi- 
nate marine waters and off-shore sediments (particularly at depth), and symbiotic 
communities associated with marine sponges. In coastal mineral soil Group 1.1b 
Crenarchaeaota predominate (Table 2.2). There is increasing evidence that marine 
and soil crenarchaeota, belonging to lineages Group 1.1a and 1.1b, respectively, are 
nitrifiers. Euryarchaea are prevalent in coastal sediments and lakes. Diverse meth- 
anogens, some of which have been cultured, have been detected in coastal sedi- 
ments and anaerobic bottom waters and sediments of lakes. The affiliation of clones 
belonging to Pendant-33 and Ace-6 with anoxic environments has led to speculation 
that they may be capable of anaerobic metabolism. Halobacteria dominate hypersa- 
line lakes, and have been detected in deep sea samples. Predicted roles for archaea 
in Antarctic ecosystems include heterotrophy and nitrification. 



ACKNOWLEDGMENT 

This research was supported by funding from the Foundation of Research, Science 

and Technology, New Zealand (C09X0307). 

REFERENCES 

Ayton, J., Aislabie, J., Barker, G. M., Turner, S., and D. Saul. Archaeal diversity in soils from 
the Ross Sea Region of Antarctica. Environmental Microbiology (submitted). 

Bano, N., Ruffin, S., Ransom, B., and J. T. Hollibaugh. 2004. Phylogenetic composition 
of Arctic Ocean archaeal assemblages and comparison with Antarctic assemblages. 
Applied and Environmental Microbiology 70:781-789. 

Bams, S. M., Delwiche, C. F., Palmer, J. D., and N. R. Pace. 1996. Perspectives on archaeal 
diversity, thermophily and monophyly from environmental rRNA sequences. Proceedings 
of the National Academy of Sciences 93:9188-9193. 

Bowman, J. P. and R. D. McCuaig. 2003. Biodiversity, community structural shifts, and bio- 
geography of prokaryotes within Antarctic continental shelf sediments. Applied and 
Environmental Microbiology 69:2463-2483. 

Bowman, J. R, Rea, S. M., McCammon, S. A., and T. A. McMeekin. 2000a. Diversity and 
community structure within anoxic sediment from marine salinity meromictic lakes and 
a coastal meromictic marine basin, Vestfold Hills, Eastern Antarctica. Environmental 
Microbiology 2:227-237. 

Bowman, J. R, McCammon, S. A., Rea, S. M., and T. A. McMeekin. 2000b. The micro- 
bial composition of three limnologically disparate hypersaline Antarctic lakes. EEMS 
Microbiology Letters 183:81-88. 

Bowman, J. R, McCammon, S. A., Gibson, J. A. E., Robertson, L., and P. D. Nichols. 2003. 
Prokaryotic metabolic activity and community structure in Antarctic continental shelf 
sediments. Applied and Environmental Microbiology 69:2448-2462. 

Brambilla, E., Hippe, H., Hagelstein, A., Tindall. B. J., and E. Stackebrandt. 2001. 16S rDNA 
diversity of cultured and uncultured prokaryotes of a mat sample from Lake Fryxell, 
McMurdo Dry Valleys, Antarctica. Extremophiles 5:23-33. 

Brown, M. V. and J. P. Bowman. 2001. A molecular phylogenetic survey of sea-ice microbial 
communities (SIMCO). EEMS Microbiology Ecology 35:267-275. 




Archaeal Diversity in Antarctic Ecosystems 



57 



Cavicchioli, R. 2006. Cold-adapted archaea. Nature Reviews Microbiology 4:331-343. 

Christner, B. C., Kvitko, B. H. II, and J. N. Reeve. 2003. Molecular identification of bacteria 
and eukarya inhabiting an Antarctic cryoconite hole. Extremophiles 7:177-183. 

Christner, B. C., Mosely-Thompson, E., Thompson, L. G., and J. N. Reeve. 2001. Isolation of 
bacteria and 16S rDNAs from Lake Vostok accretion ice. Environmental Microbiology 
3:570-577. 

Church, M. J., DeLong, E. E, Ducklow, H. W., Karner, M. B., Preston, C. M., and D. M. Karl. 
2003. Abundance and distribution of planktonic Archaea and Bacteria in the waters west 
of the Antarctic Peninsula. Limnology and Oceanography 48:1893-1902. 

Coolen, M. J. L., Hopmans, E. C., Rijpstra, W. I. C. et al. 2004. Evolution of the methane cycle 
in Ace Lake (Antarctica) during the Holocene: Response of methanogens and metha- 
notrophs to environmental change. Organic Geochemistry 35:1151-1167. 

de la Torre, J. R., Goebel, B. M., Eriedmann, E. L, and N. R. Pace. 2003. Microbial diversity of 
cryptoendolithic communities from the McMurdo Dry Valleys, Antarctica. Applied and 
Environmental Microbiology 69:3858-3867. 

DeLong, E. E. 1992. Archaea in coastal marine environments. Proceedings of the National 
Academy of Sciences USA 89:5685-5689. 

DeLong, E. E. 1998. Everything in moderation: Archaea as “non-extremophiles”. Current 
Opinion in Genetics & Development 8:649-654. 

DeLong, E. R, King, L. L., Massana, R. et al. 1998. Dibiphytanyl ether lipids in nonthermo- 
philic Crenarchaeotes. Applied and Environmental Microbiology 64: 1133-1138. 

DeLong, E. R, Wu, K. Y., Prezelin, B. B., and R. V. M. Jovine. 1994. High abundance of 
Archaea in Antarctic marine picoplankton. Nature 371:695-697. 

Prancis, C. A., Roberts, K. J., Beman, J. M., Santero, A. E., and B. B. Oakley. 2005. Ubiquity 
and diversity of ammonia-oxidising archaea in water columns and sediments of the 
ocean. Proceedings of the National Academy of Sciences USA 102:14683-14688. 

Pranzmann, P. D., Liu, Y, Balkwill, D. L., Aldrich, H. C., Conway de Macario, E., and 
D. R. Boone. 1997. Methanogeniumfrigidum sp. nov., a Hj-using methanogen from Ace 
Lake, Antarctica. International Journal of Systematic Bacteriology 47:1068-1072. 

Pranzmann, P. D., Springer, N., Ludwig, W., Conway de Macario, E., and M. Rohde. 1992. 
A methanogenic archaeon from Ace lake, Antarctica: Methanococcoides burtonii sp. 
nov. Systematic and Applied Microbiology 5:573-581. 

Pranzmann, P. D., Stackebrandt, E., Sanderson, K. et al. 1988. Halobacterium lacusprofundi 
sp. nov., a halophilic bacterium isolated from Deep Lake, Antarctica. Systematic and 
Applied Microbiology 11:20-27. 

Purhman, J. A., McCallum, K., and Davis, A. A. 1992. Novel major archaebacterial group 
from marine plankton. Nature 356:148-149. 

Gillan, D. C. and B. Danis. 2007. The archaebacterial communities in Antarctic bathypelagic 
sediments. Deep-Sea Research II 54: 1682-1690. 

Glatz, R. E., Lepp, P. W., Ward, B. B., and C. A. Francis. 2006. Planktonic microbial commu- 
nity composition across steep physical/chemical gradients in permanently ice-covered 
Lake Bonney, Antarctica. Geobiology 4:53-67. 

Hallam, S. J., Girguis, P. R., Preston, C. M., Richardson, P. M., and E. F. DeLong. 2003. 
Identification of methyl coenzyme M reductase (mcrA) genes associated with methane- 
oxidising Archaea. Applied and Environmental Microbiology 69:5483-5491. 

Hallam, S. J., Mincer, T. J., Schleper, C. et al. 2006. Pathways of carbon assimilation and ammo- 
nia oxidation suggested by environmental genomic analyses of marine Crenarchaeota. 
PloS Biology A{A):e95. 

Herndl, G. J., Reinthaler, T, Teira, E. et al. 2005. Contribution of archaea to total prokary- 
otic production in the deep Atlantic ocean. Applied and Environmental Microbiology 
71:2303-2309. 




58 



Polar Microbiology 



Hopkins, D. W., Eberling, B., Greenfield, L. G. et al. 2005. Soil micro-organisms in Antarctic 
dry valleys: Resource supply and utilization. In: Microorganisms and Earth Systems: 
Advances in Geomicrobiology, SGM Symposium 65G, eds. M. Gadd, K. T. Semple, and 
H. M. Lappin-Scott, pp. 71-84. Cambridge, U.K.: Cambridge University Press. 

Hopkins, D. W., Sparrow, A. B., Eberling, B. et al. 2006. Carbon, nitrogen and tempera- 
ture controls on microbial activity in soils from an Antarctic dry valley. Soil Biology 
Biochemistry 38:3130-3140. 

Huber, H., Hohn, M. J., Rachel, R., Fuchs, T., Wimmer, V. C., and K. O. Stetter. 2002. A new 
phylum of Archaea represented by a nanosized hyperthermophilic symbiont. Nature 
417:63-67. 

Junge, K., Eicken, H., and J. W. Deming. 2004. Bacterial activity at -2 to -20°C in Arctic 
wintertime sea ice. Applied and Environmental Microbiology 70:550-557. 

Karr, E. A., Ng, J. M., Belchik, S. M. et al. 2006. Biodiversity of methanogenic and other 
Archaea in the permanently frozen Lake Fryxell, Antarctica. Applied and Environmental 
Microbiology 72:1663-1666. 

Kendall, M. M., Wardlaw, G. D., Tang, C. F., Bonin, A. S., Liu, Y., and D. L. Valentine. 2007. 
Diversity of Archaea in marine sediments in Skan Bay, Alaska, including methano- 
gens, and description of Methanogenium boonei sp. nov. Applied and Environmental 
Microbiology 73:407-414. 

Konneke, M., Bernhard, A. E., de la Torre, J., Walker, C. B., Waterbury, J. B., and D. A. 
Stahl. 2005. Isolation of an autotrophic ammonia-oxidising marine archaeon. Nature 
437:543-546. 

Lee, S. H., Bidle, K., Falkowski, R, and D. Marchant. 2005. Genomic DNA extracted from 
ancient glaciers ice of molecular analyses on the indigenous microbial communities. 
Ocean and Polar Research 27:205-214. 

Leininger, S., Urich, T, Schloter, M. et al. 2006. Archaea predominate among ammonia-oxi- 
dising procaryotes in soils. Nature 442:806-809. 

Lopez-Garcla, R, Lopez-Lopez, A., Moreira, D., and F. Rodriguez- Valera. 2001a. Diversity 
of free-living prokaryotes from a deep-sea site at the Antarctic Rolar Front. EEMS 
Microbiology Ecology 36: 193-202. 

Lopez-Garcla, R, Moreira, D., Lopez-Lopez, A., and F. Rodriguez- Valera. 2001b. A novel 
haloarchaeal-related lineage is widely distributed in deep oceanic regions. Environmental 
Microbiology 3:72-78. 

Massana, R., DeLong, E. R, and C. Redros-Alio. 2000. A few cosmopolitan phylotypes domi- 
nate planktonic archaeal assemblages in widely different oceanic provinces. Applied 
and Environmental Microbiology 66: 1777-1787. 

Massana, R., Taylor, L. T, Murray, A. E., Wu, K. Y., Jeffrey, W. H., and E. F. DeLong. 1998. 
Vertical distribution and temporal variation of marine planktonic Archaea in the Gerlache 
Strait, Antarctica, during early spring. Limnology & Oceanography 43:607-617. 

Murray, A. E., Rreston, C. M., Massana, R. et al. 1998. Seasonal and spatial variability of 
bacterial and archaeal assemblages in the coastal waters near Anvers Island, Antarctica. 
Applied and Environmental Microbiology 64:2585-2595. 

Nicol, G. W. and C. Schleper. 2006. Ammonia-oxidising Crenarchaeota: Important players in 
the nitrogen cycle? Trends in Microbiology 14:207-212. 

Nicol, G. W., Leninger, S., Schleper, C., and J. I. Rrosser. 2008. The influence of pH on the 
diversity, abundance and transcriptional activity of ammonia oxidizing archaea and bac- 
teria. Environmental Microbiology 10:2955-2978. 

Taper, W., Jahn, U., Hohn, M. J., Kronner, M., Nather, D. J., Burghardt, T., Rachel, R., Stetter, 
K. O., and H. Huber. 2007. Ignicoccus hospitalis sp. nov., the host of ‘"Nanoarchaeum 
equitans”. International Journal of Systematic and Evolutionary Microbiology 
57:803-808. 




Archaeal Diversity in Antarctic Ecosystems 



59 



Powell, S. A. 2004. Molecular microbial ecology of contaminated marine sediment near Casey 
Station, Antarctica. Ph.D. dissertation. University of Tasmania, Tasmania, Australia. 

Powell, S. A., Bowman, J. P, Snape, I., and J. S. Stark. 2003. Microbial community variation 
in pristine and polluted nearshore Antarctic sediments. FEMS Microbiology Ecology 
45:135-145. 

Purdy, K. J., Nedwell, D. B., and T. M. Embley. 2003. Analysis of the sulphate-reducing and 
methanogenic archaeal populations in contrasting Antarctic sediments. Applied and 
Environmental Microbiology 69:3181-3191. 

Schleper, C., Jurgens, G., and M. Jonuscheit. 2005. Genomic studies of uncultivated Archaea. 
Nature Reviews Microbiology 3:479-488. 

Singh, N., Kendall, M. M., Liu, Y., and D. R. Boone. 2005. Isolation and characterization 
of methylotrophic methanogens from anoxic marine sediments in Skan Bay, Alaska: 
Description of Methanococcoides alaskenese sp. nov., and emended description 
of Methanosarcina baltica. International Journal of Systematic and Evolutionary 
Microbiology 55:2531-2538. 

Smith, M. C., Bowman, J. P, Scott, F. J., and M. A. Line. 2000. Sublithic bacteria associated 
with Antarctic quartz stones. Antarctic Science 12:2391-2396. 

Soo, R., Wood S. A., Grzymski J. J., McDonald, I. R., and S. C. Cary. 2009. Microbial bio- 
diversity of thermophilic communities in hot mineral soils of Tramway Ridge, Mount 
Erehus, Antarctica. Environmental Microbiology 11:7 15-728. 

Venter, J. C., Remington, J., and J. F. Heidelberg. 2004. Environmental genomics and sequenc- 
ing of the Sargasso Sea. Science 304:66-74. 

Webster, N. S. and A. P. Negri. 2006. Site-specific variation in Antarctic marine biofilms estab- 
lished on artificial surfaces. Environmental Microbiology 8: 1 177-1 190. 

Webster, N. S., Negri, A. P, Munro, M. M. H. G., and C. N. Battershill. 2004. Diverse micro- 
bial communities inhabit Antarctic sponges. Environmental Microbiology 6:288-300. 

Woese, C. R. and G. E. Fox. 1977. Phylogenetic structure of the prokaryotic domain: Proposals 
for the domains Archaea, Bacteria, and Eucarya. Proceedings of the National Academy 
of Sciences USA 74:5088-5090. 

Wuchter, C., Ahbas, B., Coolen, M. J. L. et al. 2006. Archaeal nitrification in the ocean. 
Proceedings of the National Academy of Sciences USA 103:12317-12322. 

Yergeau, E., Kang, S., He, Z., Zhou, J., and G. A. Kowalchuk. 2007. Functional microarray 
analysis of nitrogen and carbon cycling genes across an Antarctic latitudinal transect. 
ISME Journal 1:163-179. 




Bacterial Biodiversity of 
Antarctica: Conventional 
Polyphasic and 
rRNA Approaches 



Sisinthy Shivaji and G.S.N. Reddy 



CONTENTS 

3. 1 Introduction 61 

3.2 Bacterial Diversity of Antarctica Using the Polyphasic Approach 62 

3.3 Bacterial Diversity of Antarctica as Studied by Noncultivable 

Approaches 70 

3.4 Influence of Habitat on Bacterial Diversity 71 

3.5 Cultivable versus Noncultivable Approach 77 

3.6 Bacteria from Antarctica Involved in Hydrocarbon Degradation 77 

3.7 Conclusions 79 

Acknowledgments 79 

References 79 



3.1 INTRODUCTION 

The continent of Antarctica is considered to be one of the most extreme habitats 
in the world because it is the coldest, the driest (Claridge and Campbell, 1977; 
Vincent, 1988; Campbell and Claridge, 2000), the windiest, and the iciest of all 
known habitats with high solar (ultraviolet) radiation at least during the summer 
season (Smith et ah, 1992). Despite the harsh climatic conditions, certain life forms 
such as mites, ticks, seals, penguins, mosses, lichens, bacteria, yeasts, and algae do 
exist in Antarctica (Cameron et ah, 1970; Vishniac and Mainzer, 1972; Vincent, 
1988; Wynn-Williams, 1990; Shivaji, 2005). Among these life forms, the cold-loving 
(psychrophilic) and cold-tolerant (psychrotrophic) bacteria are predominant and they 
play a key role in the Antarctic ecosystem, especially with respect to nutrient recy- 
cling (Stokes and Redmond, 1966; Delille and Lagarde, 1974; Herbert and Bell, 1974; 
Kelly et ah, 1978; Tanner and Herbert, 1981; Tanner, 1985; Voytek and Ward, 1995; 
Cavanagh et ah, 1996; Cavicchioli and Thomas, 2000; Chessa et ah, 2000; Denner 
et ah, 2001). Therefore, studies on the diversity, physiology, and molecular biology of 
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psychrophilic bacteria would provide important inputs on their distribution, survival 
strategies, and the molecular basis of their adaptation to low temperature. This chap- 
ter is essentially focused on the biodiversity of the bacteria of Antarctica. 

Erik Ekelof is regarded as the father of Antarctic microbiology, and he was the 
first to demonstrate the presence of bacteria, yeasts, and fungi in the soil and air at 
Snow Hill Island, Antarctic Peninsula (Ekelof, 1908a,b). These pioneering studies 
of Ekelof were confirmed by Pirie (1904, 1912), Gazert (1912), and Tsilinsky (1908), 
who reported the presence of bacteria in soil and water samples from Antarctica. 
However, it was McLean (1918a,b) who provided the first evidence that these het- 
erotrophic bacteria from Antarctica not only survive but also multiply at low tem- 
peratures (1°C-2°C). Despite this intensive activity for two decades (1901-1919), the 
impetus for Antarctic microbiology could be traced to the International Geophysical 
Year (1957-1958) when the emphasis was on enumerating bacteria from various 
habitats of Antarctica (Elint and Stout, 1960; Straka and Stokes, 1960) and to iden- 
tify these unique microorganisms (Boyd, 1962; Boyd and Boyd, 1962; Meyer et ah, 
1962; Margin! and Castrelos, 1963, 1965; Phser and Burkholder, 1965; Marshall and 
Ohye, 1966; Eriedmann, 1980; Tsyganov, 1970) and ascertaining their distribution in 
various environmental sites such as coastal waters, sea-ice, soil, glaciers, and lakes. 
Eurther, the advent of the culture-independent identification of microorganisms by 
directly cloning the 16S rRNA gene sequences from environmental samples led to the 
realization that the bacterial diversity of Antarctica is far greater than that detected 
by the cultivable approach. The browsing of the NCBI (http://www.ncbi.nlm.nih. 
gov) database for 16S rRNA gene sequences indicated that about 3236 16S rRNA 
gene sequences of bacteria from Antarctica have been deposited in the database and 
a vast majority of the sequences (2563) belong to the noncultivable Gram-negative 
and Gram-positive bacteria, and the remaining sequences corresponded to the viable 
isolates so far described from Antarctica (Table 3.1). 



3.2 BACTERIAL DIVERSITY OF ANTARCTICA USING 
THE POLYPHASIC APPROACH 

The abundance of cultivable bacteria in Antarctica, as in other continents, is known 
to vary a great degree depending on the specific habitat and may range from a mini- 
mum of< 100 cfu in the case of glacial ice to as many as 0.6 X lO'^cfu g~' in the case 
of sea-ice (Straka and Stokes, 1960; Delille and Gleizon, 2003). The bacterial number 
in soil (l.Ox 10^ to 10’ cfu g~'; Straka and Stokes, 1960; Zdanowski and Weglenski, 
2001; Shivaji et ah, 2004a; Aislabie et ah, 2006b), snow (0.2 X 10’ to 0.5 X lO'* cells 
mL“' of snow melt; Carpenter et ah, 2000), ice (l.Ox 10’ to 1.02x 10'’ cells m~’; Straka 
and Stokes, 1960; Sullivan and Palmisano, 1984), water (10’ to 10’ cells mL~'; Takii 
et ah, 1986; Franzmann et ah, 1990), and accreted ice (2x10’ to 3.6x10“* cfu; Karl 
et ah, 1999; Priscu et ah, 1999) varied to a great extent. The variation in the abundance 
of the bacteria in the different habitats may reflect the water or the nutrient content of 
the habitat (Archer et ah, 1996a; Freckman and Virginia, 1997; Bargagli et ah, 1999; 
Bowman and McCuaig, 2003; Sinclair et ah, 2003; Barrett et ah, 2006; Howard- 
Williams et ah, 2006; Yergeau et ah, 2007a). The abundance and the composition 
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TABLE 3.1 

A List of Bacteria Isolated from Various Habitats from the 
Antarctic Continent 



Name of Species 


Habitat 


Reference 


a-Proteobacteria 


Antarctobacter heliothermusa 


Lake water 


Labrenz et al. (1998) 


Brevundimonas vesicularis 


Soil 


Wery et al. (2003) 


Devosia sp. 


Microbial mat 


Van Trappen et al. (2002) 


Loktanella fryxellensis^ 


Microbial mat 


Van Trappen et al. (2004a) 


Loktanella salsilacus 


Microbial mat 


Van Trappen et al. (2004a) 


Loktanella vestfoldensis 


Microbial mat 


Van Trappen et al. (2004a) 


Mesorhizobium sp. 


Microbial mat 


Van Trappen et al. (2002) 


Methylobacterium sp. 


Lake water 


Christner et al. (2001) 


Octadecabacter antarcticus 


Sea-ice 


Gosink and Staley (1995) 


Paracoccus sp. 


Sea water 


Michaud et al. (2004) 


Porphyrobacter sp. 


Microbial mat 


Van Trappen et al. (2002) 


Robiginitomaculum antarcticum^ 


Sea water 


Lee et al. (2007a) 


Roseisalinus antarcticus^ 


Lake water 


Labrenz et al. (2005) 


Roseobacter denitrificans 


Lake water 


Soller et al. (2000) 


Roseobacter sp. 


Sea-ice 


Bowman et al. (1997c) 


Roseobacter litoralis 


Lake water 


Soller et al. (2000) 


Roseovarius tolerans^ 


Lake water 


Labrenz et al. (1999) 


Sphingomonas adhaesiva 


Sea-ice 


Bowman et al. (1997c) 


Sphingomonas aerolata 


Soil and ice 


Busse et al. (2003 ) 


Staleya guttiformis^ 


Lake water 


Labrenz et al. (2000) 


Sulfitobacter brevis 


Lake water 


Labrenz et al. (2000) 


P-Proteobacteria 


Achromobacter ruhlandii 


Quartz stone 


Smith et al. (unpublished) 


Aquaspirillum sp. 


Microbial mat 


Van Trappen et al. (2002) 


Chromobacterium lividum 


Water maritime 


Shivaji et al. (2004a) 


Hydrogenophaga sp. 


Microbial mat 


Van Trappen et al. (2002) 


Janthinobacterium lividum 


Soil 


Shivaji et al. (1991) 


Massilia timonae 


Soil 


Wery et al. (2003) 


Polaromonas vacuolata^ 


Marine water 


Irgens et al. (1996) 


Rhodoferax antarcticus 


Microbial mat 


Madigan et al. (2000) 


y-Proteobacteria 


Acinetobacter johnsonni 


Soil 


Wery et al. (2003) 


Alteromonas stellipolaris 


Sea water 


Van Trappen et al. (2004e) 


Alteromonas haloplanktis 


Sea-ice 


Gauthier et al. (1995) 


Colwellia demingiae 


Sea-ice 


Bowman et al. (1998a) 


Colwellia hornerae 


Sea-ice 


Bowman et al. (1998a) 


Colwellia psychrerythraea 


Sea-ice 


Bowman et al. (1998a) 


Colwellia psychrotropica 


Sea-ice 


Bowman et al. (1998a) 



{continued) 
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TABLE 3.1 (continued) 

A List of Bacteria Isolated from Various Habitats from the 
Antarctic Continent 



Name of Species 


Habitat 


Reference 


Colwellia rossensis 


Sea-ice 


Bowman et al. (1998a) 


Glaciecola pallidula 


Sea-ice 


Bowman et al. (1998c) 


Glaciecola punicea 


Sea-ice 


Bowman et al. (1998c) 


Granulosicoccus antarcticus^ 


Sea water 


Lee et al. (2007c) 


Hahella antarctica 


Sea water 


Lee et al. (2008) 


Halomonas alkaliantarctica 


Saline lake 


Poll et al. (2007) 


Halomonas glaciei 


Fast ice 


Reddy et al. (2003c) 


Halomonas subglaciescola 


Sea-ice 


Dobson and Franzmann 
unpublished 


Halomonas variabilis 


Sea-ice 


Bowman et al. (1997c) 


Idiomarina loihiensis 


Sea water 


Zeng et al. (2007) 


Marinobacter guineae 


Marine sediment 


Montes et al. (2008) 


Marinobacter maritimus 


Sea water 


Shivaji et al. (2005a) 


Marinomonas polaris 


Sea water 


Gupta et al. (2006) 


Marinomonas ushuaiensis 


Sea water 


Prabagaran et al. (2005) 


Marinomonas protea 


Water 


Mills et al. unpublished 


Methylosphaera hansonii 


Lake sediment 


Bowman et al. (1997e) 


Oleispira antarctica^ 


Sea water 


Yakimov et al. (2003) 


Pseudoalteromonas antarctica 


Marine water 


Bozal et al. (1997) 


Pseudoalteromonas prydzensis 


Sea-ice 


Bowman (1998) 


Pseudoalteromonas tetraodonis 


Water 


Hagstrom et al. (2000) 


Pseudomonas guineae 


Soil 


Bozal et al. (2007) 


Pseudomonas antarctica 


Microbial mat 


Reddy et al. (2004) 


Pseudomonas meridiana 


Microbial mat 


Reddy et al. (2004) 


Pseudomonas proteolytica 


Microbial mat 


Reddy et al. (2004) 


Pseudomonas azotoformans 


Water 


Hagstrom et al. (2000) 


Pseudomonas ftuorescens 


Soil 


Shivaji et al. (1989b) 


Pseudomonas putida 


Soil 


Shivaji et al. (1989b) 


Pseudomonas syringae 


Soil 


Shivaji et al. (1989b) 


Psychrobacter salsus 


Fast ice 


Shivaji et al. (2004b) 


Psychrobacter adeliensis 


Fast ice 


Shivaji et al. (2004b) 


Psychrobacter glacialis 


Fast ice 


Shivaji et al. (2004b) 


Psychrobacter vallis 


Microbial mat 


Shivaji et al. (2005b) 


Psychrobacter aquaticus 


Microbial mat 


Shivaji et al. (2005b) 


Psychrobacter glacincola 


Sea-ice 


Bowman et al. (1997d) 


Psychrobacter nivimaris 


Organic debris 


Heuchert et al. (2004) 


Psychrobacter luti 


Marine water 


Bozal et al. (2003) 


Psychrobacter fozii 


Marine water 


Bozal et al. (2003) 


Psychrobacter frigidicola 


Omithogenic soil 


Bowman et al. (1996) 


Psychrobacter immobilis 


Omithogenic soil 


Bowman et al. (1996) 


Psychrobacter urativorans 


Omithogenic soil 


Bowman et al. (1996) 
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TABLE 3.1 (continued) 

A List of Bacteria Isolated from Various Habitats from the 



Antarctic Continent 


Name of Species 


Habitat 


Reference 


Psychrobacter pacificensis 


Sea water 


Maruyama et al. (2000) 


Psychrobacter proteolyticus 


Krill 


Denner et al. (2001) 


Psychromonas antarctica^ 


Pond sediment 


Mountfort et al. (1998) 


Saccharospirillum impatiens^ 


Hypersaline lake 


Labrenz et al. (2003) 


Shewanella colwelliana 


Marine water 


Coyne et al. (1989) 


Shewanella livingstonenis 


Marine water 


Bozal et al. (2002) 


Shewanella gelidimarina 


Sea-ice 


Bowman et al. (1997a) 


Shewanella frigidimarina 


Sea-ice 


Bowman et al. (1997a) 


Stenotrophomonas maltophilia 


Soil 


Wery et al. (2003) 


5-Proteobacteria 


Myxococcus stipitatus 


Soil 


Ruckert (1985) 


Myxococcus virescens 


Soil 


Ruckert (1985) 


Bacteroidetes 


Aequorivita crocea^ 


Sea water 


Bowman and Nichols (2002) 


Aequorivitaferruginea 


Quartz stone 


Bowman and Nichols (2002) 


Aequorivita lipolytica 


Sea water 


Bowman and Nichols (2002) 


Aequorivita antarctica 


Sea water 


Bowman and Nichols (2002) 


Aequorivita sublithincola 


Quartz stone 


Bowman and Nichols (2002) 


Algoriphagus antarcticus 


Microbial mat 


Van Trappen et al. (2004b) 


Bizionia algoritergicola 


Copepod saline pond 


Bowman and Nichols (2005) 


Bizionia myxarmorum 


Copepod saline pond 


Bowman and Nichols (2005) 


Bizionia gelidisalsuginis 


Coastal fast sea-ice brine 


Bowman and Nichols (2005) 


Bizionia salejfrena 


Coastal fast sea-ice brine 


Bowman and Nichols (2005) 


Cellulophaga algicola 


Algae 


Bowman (2000) 


Cyclobacterium scophthalmum 


Soil 


Wery et al. (2003) 


Cytophaga sp. 


Sea-ice 


Bowman et al. (1997c) 


Flavobacterium weaverense 


Soil 


Yi and Chun (2006) 


Flavobacterium segetis 


Soil 


Yi and Chun (2006) 


Flavobacterium frigidimaris 


Sea water 


Nogi et al. (2005) 


Flavobacterium fryxellicola 


Microbial mat 


Van Trappen et al. (2005) 


Flavobacterium antarcticum 


Soil sample 


Yi et al. (2005a) 


Flavobacterium gelidilacus 


Microbial mat 


Van Trappen et al. (2003) 


Flavobacterium degerlachei 


Microbial mat 


Van Trappen et al. (2004c) 


Flavobacterium frigoris 


Microbial mat 


Van Trappen et al. (2004c) 


Flavobacterium micromati 


Microbial mat 


Van Trappen et al. (2004c) 


Flavobacterium psychrolimnae 


Microbial mat 


Van Trappen et al. (2005) 


Flavobacterium frigidarium 


Marine sediment 


Humphry et al. (2001) 


Flavobacterium gillisiae 


Sea-ice 


McCammon and Bowman 
(2000) 
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TABLE 3.1 (continued) 

A List of Bacteria Isolated from Various Habitats from the 
Antarctic Continent 



Name of Species 


Habitat 


Reference 


Flavobacterium tegetincola 


Ace Lake 


McCammon and Bowman 
(2000) 


Flavobacterium xanthum 


Mud pool 


McCammon and Bowman 
(2000) 


Flavobacterium hibernum 


Fresh water 


McCammon et al. (1998) 


Gelidibacter algens^ 


Sea-ice 


Bowman et al. (1997b) 


Gillisia limnaea^ 


Microbial mats 


Van Trappen et al. (2004d) 


Gelidibacter gilvus 


Algal assemblage 


Bowman and Nichols (2005) 


Gelidibacter salicanalis 


Algal assemblage 


Bowman and Nichols (2005) 


Gillisia illustrilutea 


Algal assemblage 


Bowman and Nichols (2005) 


Gillisia sandarakina 


Algal assemblage 


Bowman and Nichols (2005) 


Gillisia hiemivivida 


Algal assemblage 


Bowman and Nichols (2005) 


Hymenobacter roseosalivarius^ 


Sand stone 


Hirsch et al. (1998) 


Lacinutrix copepodicola^ 


Copepod species 


Bowman and Nichols (2005) 


Leeuwenhoekiella aequorea^ 


Sea water 


Nedashkovskaya et al. (2005) 


Polaribacter glomeratus 


Sea water 


McGuire et al. (1987) 


Polaribacter filamentus 


Sea water 


Gosink et al. (1998) 


Polaribacter irgensii 


Sea water 


Gosink et al. (1998) 


Polaribacter franzmannii 


Sea water 


Gosink et al. (1998) 


Psychroflexus torquis^ 


Sea-ice 


Bowman et al. (1998b) 


Psychroflexus gondwanensis 


Saline water 


Dobson et al. (1993); Bowman 
et al. (1998b) 


Psychroserpens burtonensis^ 


Lake water 


Bowman et al. (1997b) 


Salegentibacter salegens^ 


Hypersaline lake 


McCammon and Bowman 
(2000) 


Sejongia marina 


Sea water 


Lee et al. (2007b) 


Sejongia antarctica 


Soil 


Yi et al. (2005b) 


Sejongia jeonii 


Soil 


Yi et al. (2005b) 


Sphingobacterium antarcticum 


Soil 


Shivaji et al. (1992) 


Sphingobacterium sp. 


Soil 


Wery et al. (2003) 


Subsaximicrobium wynnwilUamsii^ 


Quartz stone 


Bowman and Nichols (2005) 


Subsaximicrobium saxinquilinus 


Quartz stone 


Bowman and Nichols (2005) 


Subsaxibacter broadyp 


Quartz stone 


Bowman and Nichols (2005) 


Ulvibacter antarcticus 


Sea water 


Choi et al. (2007) 


Actinobacteria 


Arthrobacter globiformis 


Lake sediment 


Shivaji et al. (1989a) 


Arthrobacter pascens 


Soil sample 


Shivaji et al. (1989a) 


Arthrobacter agilis 


Lake water 


Brambilla et al. (2001) 


Arthrobacter protophormiae 


Penguin rookery 


Shivaji et al. (1989a) 


Arthrobacter sulfureus 


Soil sample 


Wery et al. (2003) 


Arthrobacter ardleyensis 


Sediment 


Chen et al. (2005) 





Bacterial Biodiversity of Antarctica 



67 



TABLE 3.1 (continued) 

A List of Bacteria Isolated from Various Habitats from the 
Antarctic Continent 



Name of Species 


Habitat 


Reference 


Arthrobacter gangotriensis 


Penguin rookery 


Gupta et al. (2004) 


Arthrobacter kerguelensis 


Sea water 


Gupta et al. (2004) 


Arthrobacter roseus 


Microbial Mat 


Reddy et al. (2002a) 


Arthrobacter flavus 


Microbial Mat 


Reddy et al. (2000) 


Brachybacterium conglomeratum 


Lake water 


Christner et al. (2001) 


Cryobacterium psychrophilum^ 


Soil sample 


Suzuki et al. (1997) 


Friedmanniella antarctica 


Sandstone 


Schumann et al. (1997) 


Friedmanniella lacustris 


Hypersaline Lake 


Lawson et al. (2000) 


Janibacter sp. 


Seawater 


Michaud et al. (2004) 


Kocuria polaris 


Microbial mat 


Reddy et al. (2003d) 


Leifsonia rubra 


Microbial mat 


Reddy et al. (2003b) 


Leifsonia aurea 


Microbial mat 


Reddy et al. (2003b) 


Leifsonia antarctica 


Ice core 


Pindi et al. (2009) 


Luteococcus japonicus 


Sand stone 


Schumann et al. (1997) 


Microbacterium sp. 


Microbial mat 


Van Trappen et al. (2002) 


Micrococcus luteus 


Lake water 


Brambilla et al. (2001) 


Micrococcus antarcticus 


Soil 


Liu et al. (2000) 


Micromonospora endolithica 


Sandstone rock 


Hirsch et al. (2004b) 


Micromonospora coerulea 


Sandstone rock 


Hirsch et al. (2004b) 


Modestobacter multiseptatus^ 


Soil 


Mevs et al. (2000) 


Nesterenkonia lacusekhoensis 


Hypersaline Lake 


Collins et al. (2002) 


Nocardioides aquaticus 


Water Lake 


Lawson et al. (2000) 


Nocardiopsis antarcticus 


Ice sheet 


Abyzov et al. (1983) 


Pseudonocardia antarctica 


Moraine sample 


Prabahar et al. (2004) 


Rhodococcus fascians 


Quartz stone 


Smith et al. (unpublished) 


Rhodoglobus vestaliP 


Lake water 


Sheridan et al. (2003) 


Sanguibacter antarcticus 


Sea sand 


Hong et al. (2008) 


Firmicutes 


Alicyclobacillus pohliae^ 


Geothermal soil 


Imperio et al. (2008) 


Aneurinibacillus terranovensis^ 


Geothermal soil 


Allan et al. (2005) 


Anoxybacillus amylolyticus^ 


Geothermal soil 


Poll et al. (2006) 


Bacillus fumarioli 


Soil 


Logan et al. (2000) 


Bacillus shackletonii 


Soil 


Logan et al. (2004a) 


Bacillus luciferensis 


Soil 


Logan et al. (2002) 


Bacillus macquariensis 


Soil 


Marshall and Ohye (1966) 


Bacillus marinus 


Sea sediment 


Riiger et al. (2000) 


Bacillus thuringiensis 


Soil 


Riiger et al. (2000) 


Bacillus thermantarcticus^ 


Geothermal soil 


Lama et al. (1996) 


Brevibacillus levickiP 


Geothermal soil 


Allan et al. (2005) 
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TABLE 3.1 (continued) 

A List of Bacteria Isolated from Various Habitats from the 
Antarctic Continent 



Name of Species 


Habitat 


Reference 


Carnobacterium funditum 


Anoxic water 


Franzmann et al. (1991) 


Carnobacterium alterfunditum 


Anoxic water 


Franzmann et al. (1991) 


Clostridium vincentii 


Sediment of ice shelf 


Mountfort et al. (1997) 


Clostridium schirmacherense 


Lake sediment 


Alam et al. (2006) 


Clostridium frigoris 


Microbial mat 


Spring et al. (2003) 


Clostridium lacusfryxellense 


Microbial mat 


Spring et al. (2003) 


Clostridium bowmanii 


Microbial mat 


Spring et al. (2003) 


Clostridium psychrophilum 


Microbial mat 


Spring et al. (2003) 


Clostridium estertheticum subsp. 


Microbial mat 


Spring et al. (2003) 


laramiense 


Clostridium perfringens 


Soil 


Miwa (1975) 


Clostridium bifermentans 


Soil 


Miwa (1975) 


Clostridium sordellii 


Soil 


Miwa (1975) 


Clostridium sporogenes 


Soil 


Miwa (1975) 


Clostridium plagarum 


Soil 


Miwa (1975) 


Clostridium paraperfringens 


Soil 


Miwa (1975) 


Clostridium septicum 


Soil 


Miwa (1975) 


Clostridium tertium 


Soil 


Miwa (1975) 


Clostridium cadaveris 


Soil 


Miwa (1975) 


Clostridium butyricum 


Soil 


Miwa (1975) 


Clostridium felsineum 


Soil 


Miwa (1975) 


Exiguobacterium undae 


Pond water 


Friihling et al. (2002) 


Exiguobacterium antarcticum 


Pond water 


Friihling et al. (2002) 


Jeotgalicoccus pinnipedialis 


Elephant seal 


Hoyles et al. (2004) 


Paenibacillus antarcticus 


Lake Sediment 


Montes et al. (2004) 


Paenibacillus amylolyticus 


Soil 


Wery et al. (2003) 


Paenibacillus cineris 


Volcanic soil 


Logan et al. (2004b) 


Paenibacillus cookie 


Volcanic soil 


Logan et al. (2004b) 


Paenibacillus wynnii 


Soil 


Rodriguez-Diaz et al. (2005) 


Planococcus maitriensis 


Microbial mat 


Alam et al. (2003) 


Planococcus antarcticus 


Microbial mat 


Reddy et al. (2002b) 


Planomicrobium psychrophilum 


Microbial mat 


Reddy et al. (2002b) 


Planomicrobium okeanokoites 


Soil sample 


Wery et al. (2003) 


Planomicrobium mcmeekinii 


Sea-ice brine 


Junge et al. (1998) 


Psychrosinus fermentans^ 


Water 


Sattley et al. (2008) 


Sporosarcina macmurdoensis 


Microbial mat 


Reddy et al. (2003a) 


Deinococcus/Thermus 


Deinococcus frigens 


Soil and rock 


Hirsch et al. (2004a) 


Deinococcus saxicola 


Soil and rock 


Hirsch et al. (2004a) 


Deinococcus marmoris 


Soil and rock 


Hirsch et al. (2004a) 
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TABLE 3.1 (continued) 

A List of Bacteria Isolated from Various Habitats from the 



Antarctic Continent 






Name of Species 


Habitat 


Reference 


Spirochaetes 






Anaeroplasma sp. 


Soil 


Franzmann and Dobson (1992) 



Note: Some of the species have previously been undescribed. 
^ Represents novel genera. 

^ Represents thermophilic strains. 

Represents a novel family. 



of the bacterial populations are also likely to vary depending on the season of the 
year (Gibson et al., 1990; James et al., 1994; Delille and Rosiers, 1995; Leakey et ah, 
1996; Delille et ah, 1997). 

As of now, the various habitats from which bacterial diversity has been studied 
include soil samples (Flint and Stout, 1960; Boyd and Boyd, 1963a,b; Marshall and 
Ohye, 1966; Herbert and Bell, 1974; Miwa, 1975; Shivaji et ah, 1988, 1989a, b, 1991, 
1992, 2004a), pyritic sediments (Barghoorn and Nichols, 1961; Meyer et al., 1962), 
seawater (Pfiser and Burkholder, 1965; Maugeri et al., 1996; Bruni et al., 1999; 
Michaud et al., 2004; Prabagaran et al., 2007), sea-ice (Archer et al., 1996b; Gosink 
and Staley, 1995; Staley and Gosink, 1999; Bowman et al., 1997c), brine channels of 
sea-ice (Sullivan and Palmisano, 1984), ice cores (Abyzov et al., 2001), frozen lakes 
(Karl et al., 1999; Priscu et al., 1999), marine plankton (Zeng et al., 2007), penguin 
rookery (Shivaji et al., 1989b), cryoconite holes (Christner et al., 2003), cyanobacte- 
rial mats (Reddy et al., 2000, 2002a, b; 2003a,b,c,d; Van Trappen et al., 2002; Alam 
et al., 2003; Reddy et al., 2004; Shivaji et al., 2004b; Shivaji, 2005b), hypersaline 
lakes (Bowman et al., 2000a), and various other habitats (Meyer, 1962; Margin! and 
Castrelos, 1963, 1965; Tsyganov, 1970; Friedmann, 1980). 

The bacterial isolates from all the aforementioned habitats were affiliated to 
the lineages Proteobacteria, Bacteroidetes, Actinobacteria, and Firmicutes, and 
a few have also been identified to be associated with Deinococcus/Thermus and 
Spirochaetes. Table 3.1 provides a list of the bacterial strains isolated from various 
Antarctic sources. Some of these cultures attracted more interest because of certain 
unique features like the ice-nucleating bacterium Pseudomonas antarctica IN-74 
from Ross Island (Obata et al., 1999) and the thermophilic bacteria Alicyclobacillus 
pohliae, Aneurinibacillus terranovensis, Anoxybacillus amylolyticus, Bacillus ther- 
mantarcticus, and Brevibacillus levickii from geothermal soils of Mount Melbourne 
and Mount Rittmann (Lama et al., 1996; Allan et al., 2005; Poll et al., 2006; Imperio 
et al., 2008) with a growth temperature ranging from 40°C to 65°C. Similarly, 
Franzmann and Dobson (1992) isolated so far the only known strain of the genus 
Anaeroplasma, a member of the order Spirochaetales. 
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So far, only one previously undescribed family, Granulosicoccaceae of 
y-Proteobacteria, has been described from Antarctica, and it was isolated from 
seawater. It includes a single species, Gmnulosicoccus antarcticus, of the genus 
Gmnulosicoccus (Lee et al., 2007c). The number of previously undescribed genera that 
have been described so far from Antarctica are 26 and include the genera Loktanella 
(Van Trappen et al., 2004a), Robiginitomaculum (Lee et al., 2007a), Roseovarius 
(Labrenz et al., 1999), Roseisalinus (Labrenz et al., 2005), and Staleya (Labrenz 
et al., 2000) of a-Proteobacteria; Polaromonas (Irgens et al., 1996) of (3-Proteobacteria, 
Granulosicoccus (Lee et al., 2007c), Oleispira (Yakimov et al., 2003), Psychromonas 
(Mountfort et al., 1998), and Saccharospirillum (Labrenz et al., 2003) of 
y-Proteobacteria; Aequorivita (Bowman and Nichols, 2002), Gelidibacter (Bowman 
et al., 1997b), Gillisia (Van Trappen et al., 2004d), Hymenobacter (Hirsch et al., 
1998), Lacinutrix (Bowman and Nichols, 2005), Leeuwenhoekiella (Nedashkovskaya 
et al., 2005), Psychroflexus (Bowman et al., 1998b), Psychroserpens (Bowman 
et al., 1997b), Salegentibacter (McCammon and Bowman, 2000), Subsaximicrobium 
(Bowman and Nichols, 2005), and Subsaxibacter (Bowman and Nichols, 2005) of 
Bacteroidetes, Antarctobacter (Labrenz et al., 1998); Cryobacterium (Suzuki et al., 
1997), Modestobacter (Mevs et al., 2000), and Rhodoglobus (Sheridan et al., 2003) of 
Actinobacteria; and Psychrosinus (Sattley et al., 2008) of Firmicutes. Out of these 26 
genera, 12 {Roseisalinus, Staleya, Oleispira, Granulosicoccus, Saccharospirillum, 
Lacinutrix, Psychroserpens, Subsaximicrobium, Subsaxibacter, Antarctobacter, 
Rhodoglobus, and Psychrosinus) have been uniquely isolated from Antarctica and so 
far no species affiliated to these genera have been described from other places. It is 
interesting to note that all the Antarctic isolates of bacteria were psychrotolerant and 
could be differentiated from other closely related species based on their phenotypic 
and chemotaxonomic characteristics and also at the 16S rRNA gene sequence level. 



3.3 BACTERIAL DIVERSITY OF ANTARCTICA AS 
STUDIED BY NONCULTIVABLE APPROACHES 

The bacterial abundances in Antarctic (Hagson et al., 1983a,b; Bird and Karl, 1991; 
Karl et al., 1999) and sub-Antarctic ecosystems (Delille and Bouvy, 1989) do not 
correlate with heterotrophic activity, implying that the ratio of cultivable bacteria to 
bacterial abundance was low. Thus, there is an urgent need to study the “viable and 
noncultivable fractions” of the bacterial assemblage in Antarctic ecosystems using 
culture-independent methods. Culture-independent approaches based on 16S rRNA 
gene sequences and DGGE and RFLP fingerprinting were initiated almost a decade 
ago for analyzing the bacterial diversity of various habitats in Antarctica (Gordon 
et al., 2000; Bowman et al., 2000b; Brambilla et al., 2001; Bowman and McCuaig, 
2003; Shivaji et al., 2004a; Mikucki and Priscu, 2007; Prabagaran et al., 2007; 
Niederberger et al., 2008). Using the aforementioned approaches, representative 
examples showing the breadth of the bacterial diversity of various Antarctic habitats 
are summarized in Table 3.2. The compilation of the bacterial diversity data from the 
aforementioned studies indicated that irrespective of the habitat and the geographical 
location, bacterial clones belonging to 214 genera were detected besides unaffiliated 
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16S rRNA clones or sequences (Table 3.2). The 214 bacterial genera belonged to the 
classes a-Proteobacteria (21 genera), [3-Proteobacteria (22 genera), y-Proteobacteria 
(33 genera), 5-Proteobacteria (29 genera), 8-Proteobacteia (3 genera), Bacteroidetes 
(26 genera). Cyanobacteria (19 genera), Planctomycetes (3 genera), Acidobacteria 
(4 genera), Firmicutes (17 genera), Actinobacteria (25 genera), Spirochaete (1 genus), 
Deinococcus/Thermus (1 genus), Chloroflexi (3 genera), Gemmatimonadetes 
(1 genus), Nitrospira (1 genus), Verrucomicrobia (3 genera), and Aquificae (1 genus) 
besides copious number of sequences belonging to hitherto unidentified groups (Table 
3.2). From all the habitats, bacteria belonging to the divisions/classes Proteobacteria, 
Bacteroidetes, Firmicutes, Actinobacteria, Cyanobacteria, Deinococcus/Thermus, 
and Acidobacteria were dominant. The other lineages such as Planctomycetes, 
Spirochaete, Chloroflexi, Gemmatimonadetes, Nitrospira, Verrucomicrobia, and 
Aquificae were reported from only a few habitats such as sediments (Gordon et al., 
2000; Bowman et al., 2000b), sediment core (Bowman and McCuaig, 2003), soil 
(Shivaji et al., 2004a; Smith et al., 2006; Niederberger et al., 2008), glacier melt 
water (Sjoling and Cowan, 2003), microbial mats, water samples (Pearce, 2003), and 
dust (Flughes et al., 2004) (Table 3.2). 

The occurrence and distribution of bacteria among the earlier studied habitats 
from Antarctica were found to be variable with respect to the habitat. Some genera, 
such as Sphingomonas, Flavobacterium, Arthrobacter, Rubrobacter, and uncultured 
members of the divisions Deinococcus/Thermus and Acidobacteria (Table 3.2), 
were present in most of the habitats. Whereas genera like Arcobacter, Rhodopila, 
and Thiomicrospira of 8-Proteobacteria, and Aquifex, Nitrospira, and Fibrobacter 
appear to be restricted to sediment cores of Mertz glacier and sand stones from 
McMurdo dry valleys (Bowman and McCuaig, 2003; de la Torre et al., 2003), water 
samples from South Orkney (Pearce, 2003), glacial water from Bratina Island (Sjoling 
and Cowan, 2003), soil samples from Schirmacher Oasis (Shivaji et al., 2004a), or a 
soil sample from Victoria Land (Niederberger et al., 2008) (Table 3.2). 

Culture-independent bacterial diversity studies from most of the Antarctic habitats 
were primarily based on the 16S rRNA gene sequences. Flowever, Karr et al. (2005), 
investigated the population of sulfate-reducing bacteria in Lake Fryxell, Taylor 
Valley by both 16S rRNA gene sequence and oligonucleotide primers targeting the 
dsrA gene (dissimilatory sulfite reductase). The sequence information resulted in the 
detection of a diverse group of sulfate-reducing prokaryotes of the domain Bacteria 
(Table 3.2). In addition, the anoxygenic phototrophic bacterial diversity of Fryxell 
Lake was also studied by using the pufM, a gene coding for photosynthetic pigment- 
binding protein (Karr et al., 2003). The results revealed 33 unique phylotypes repre- 
senting alpha and beta subdivisions of Proteobacteria and were distantly related to 
Rubrivivax, Acidiphilum, Rhodoferax, and Roseateles. 

3.4 INFLUENCE OF HABITAT ON BACTERIAL DIVERSITY 

As in other regions of the world, bacterial diversity in Antarctica is also known to 
be dependent on the specific habitat studied. For instance, Niederberger et al. (2008) 
while investigating the soil microbial communities from low- and high-productivity 
habitats in the Luther Vale, Northern Victoria Land, Antarctica, observed 
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XII. Spirochaetes (1) 

XIII. Deinococcus/Thermus (1) 

XIV. Chloroflexi (3) 




Note: I. a-Proteobacteria: 1. Acidiphilum, 2. Amaricoccus, 3. Brevundimonas, 4. Caulobacter, 5. Chelatobacter, 6. Holospom, 1. Hiyphomonas, 8. Liberibacter, 9. Methylobacterium, 10. Olavius, 
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distinct differences in community structure. Strains affiliated to Deinococcus/ 
Thermus lineage were found exclusively in low-productivity soils, while the genus 
Xanthomonas of class y-Proteohacteria were found exclusively in nutrient-rich soils. 
Similarly, Saul et al. (2005) while studying the impacts of hydrocarbon contami- 
nation on the diversity of bacterial communities in coastal soil from Ross Island 
identified a diverse populafion of bacferia belonging fo fhe divisions Acidobacferia, 
Bacteroidetes, Deinococcus/Thermus, and Firmicufes which occurred almosf 
exclusively in control soils whereas Pseudomonas, Sphingomonas, and Variovorax 
of the division Proteobacteria were dominant in contaminated soils. Bacterial 
diversity in sub-Antarctic seawater, and seawater contaminated with crude oil, 
was statistically different (P value 0.001) (Prabagaran et ah, 2007). Clones asso- 
ciated with the genera Roseobacter, Sulfitobacter, Staleya, Glaciecola, Colwellia, 
Marinomonas, Cytophaga, and Cellulophaga were common to both the libraries. 
However, 16S rRNA clones associated with Psychrobacter, Arcobacter, Formosa 
algae, Polaribacter, Ulvibacter, and Tenacibaculum were found only in seawater 
contaminated with hydrocarbons. Further, the percentage of clones of Roseobacter, 
Sulfitobacter, and Glaceicola was high in seawater (43%, 90%, and 12%, respec- 
tively) compared to seawater contaminated with hydrocarbons (35%, 4%, and 9%, 
respectively) (Prabagaran et ah, 2007). Mikucki and Priscu (2007) reported that 
in the subglacial outflow (wherein the brine is released from below the glacier) of 
the Taylor Glacier, McMurdo Dry Valleys, the most abundant community was the 
y-Proteobacteria (46%) with a clone closely related to a bacterium Thiomicrospira 
arctica. Bowman and McCuaig (2003) assessed the vertical distribution of bacterial 
community within a sediment core obtained from Mertz Glacier Polynya (MGP) 
region and observed that the surface oxic sediments (depth 0-0.4 cm) was dominated 
by gamma and delta proteobacterial phylotypes whereas at a depth of 20-21 cm, 
a decline in species richness was accompanied by a decrease in Proteobacteria. 
Yergeau et al. (2007b) studied bacterial diversity in soils sampled along a >3200 km 
southern polar transect spanning a gradient of increased climate severity over 27° 
of latitude. The results indicated a decline in the bacterial diversity with increased 
latitude. Further, the geographical distance and vegetation cover were also found to 
signihcantly influence the bacterial diversity. Among the various habitats studied in 
Antarctica, Lake Vostok, the largest subglacial lake in Antarctica, is probably the only 
lake of its kind that has been sampled and the diversity of an ice core obtained from 
this lake at a depth of 3591-3593 m below sea level, yielded clones belonging to only 
seven genera (Karl et ah, 1999; Priscu et ah, 1999; Christner et al., 2001). The seven 
closest genera were Flolospora of a-Proteobacteria, Leptothrix and Aquabacterium 
of P -Proteobacteria, Pseudomonas of y-Proteobacteria, Sphingobacterium of 
Bacteroidetes, Dolosigranulum of Firmicutes, and Rubrobacter of Actinobacteria. 
Christner et al. (2001) suggested that the low bacterial diversity of an ice core from 
Lake Vostok could be attributed to the pristine isolation of the lake for more than 
0.42 million years. 

Hughes et al. (2004) were the hrst to study the airborne bacterial diversity over 
Rothera point of the Antarctic Peninsula. The results indicated the occurrence of 
a range of microorganisms including Cyanobacteria, Actinobacteria, and yet to 
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be cultured bacterial phylotypes (Table 3.2). Interestingly, the closest matches for 
sequences were from Antarctic clones that were already deposited in the database, 
indicating that the microorganisms have dispersed the Antarctic Peninsula from the 
continental shelf 

Thus discounting the discrepancies attributed to the reported limitations with 
respect to DNA isolation, PCR amplihcation, and cloning techniques (Wintzingerode 
et ah, 1997; Dahllof et ah, 2000; Pontes et ah, 2007) associated with 16S rRNA gene 
sequence based studies, the nonconventional methods used in determining the bacte- 
rial diversity from Antarctic habitats resulted in the identihcation of a large number 
of unique phylotypes representing previously undescribed taxa. 

3.5 CULTIVABLE VERSUS NONCULTIVABLE APPROACH 

Bacterial diversity as studied by noncultivable methods has led to the identihca- 
tion of 214 genera (Table 3.2) (Figure 3.1) belonging to the class/divisions such 
as Proteobacteria, Bacteroidetes, Firmicutes, Acidobacteria, and Actinobacteria 
lineages. Rare groups such as Spirochaetes, Deinococcus/Thermus, Chlorflexi, 
Gemmatimonadetes, Nitrospira, Verrucomicrobia, and Aquihcae have also been 
detected. In contrast, the conventional methods involving the culturing of bac- 
teria have detected only 96 genera (Table 3.1) (Figure 3.1) belonging mainly to 
Proteobacteria, Bacteroidetes, Actinobacteria, and Firmicutes. 

3.6 BACTERIA FROM ANTARCTICA INVOLVED 
IN HYDROCARBON DEGRADATION 

Increased anthropogenic activities in the polar regions have led to accidental 
hydrocarbon spills around the scientihc bases in Antarctica (Whyte et ah, 1999; 
Aislabie et ah, 2004) and in the open sea (Karl, 1992; Simpson et ah, 1995) 
respectively. Flowever, our knowledge and understanding of hydrocarbon deg- 
radation in the polar regions by microorganisms is limited. In extreme habitats, 
such as in the continent of Antarctica, cold and huctuating temperatures, low 
nutrient levels, low moisture content, and alkaline pH do not favor efficient bio- 
degradation (Atlas, 1986; Morgan and Watkinson, 1989; Bragg et ah, 1994; Atlas 
and Cerniglia, 1995; Aislabie et ah, 1998, 2006a; Margesin and Schinner, 1999; 
Whyte et ah, 1999, 2001; Thomassin-Lacroix et ah, 2002; Rike et ah, 2005). 
Generally, biodegradation (Margesin and Schinner, 1999) is delayed and occurs 
mainly during the austral summer season when soils are thawed and water is 
available (Atlas, 1986). Therefore, studies have evaluated the benehts of biostim- 
ulation by fertilizing the soil with nitrogen and/or phosphorus so as to enhance 
hydrocarbon mineralization (Braddock et ah, 1997; Aislabie et ah, 1998; Whyte 
et ah, 1999, 2001) or by addition of fertilizers (INIPOL EAP 22, fish composts 
etc.) to sub-Antarctic and Antarctic seawater (Delille and Vaillant, 1990; Delille 
et ah, 1998), Antarctic sea-ice (Delille et ah, 1997), Antarctic soils (Delille, 2000), 
and to sub-Antarctic intertidal sediments (Delille and Delille, 2000) and found 
this approach to be more acceptable. Bioremediation experiments indicated that 
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FIGURE 3.1 Bacteria belonging to different classes/divisions in various habitats of 
Antarctica identified by cultivable (a) and noncultivable methods (b). The numbers 1 to 20 
represent the bacteria belonging to the classes/divisions as follows: 1. a-Proteobacteria, 2. 
P-Proteobacteria, 3. y-Proteobacteria, 4. 5-Proteobacteria, 5. Bacteroidetes, 6. Actinobacteria, 
7. Firmicutes, 8. Deinococcus/Thermus, 9. e-Proteobacteria, 10. Cyanobacteria, 11. Plancto- 
mycetes, 12. Acidobacteria, 13. Spirochaetes, 14. Chloroflexi, 15. Gemmatimonadetes, 16. 
Nitrospira, 17. Verrucomicrobia, and 18. Aquificae. 



nutrient and/or water addition to polar soil generally enhance the degradation of 
hydrocarbon (Snape et ah, 2003; Coulon et ah, 2004). 

Bacteria (Aislahie et ah, 2006a) and yeasts (Margesin et ah, 2003a, b) mainly 
bring about the degradation of hydrocarbon in the poles. The bacteria are affiliated 
to the genera Rhodococcus, Pseudomonas (Aislahie et ah, 2006a) and the yeasts 
to the genera Rhodotorula, Candida, and Cryptococcus (Margesin and Schinner, 
1997; Margesin et ah, 2003b). Earlier studies had indicated distinct and prominent 
changes in the bacterial community following biostimulation and/or bioaugmenta- 
tion by hydrocarbons. However, in these earlier studies the exposure to hydrocar- 
bon was for longer periods ranging from a few weeks to a year (Mohn et ah, 2001; 
Thomassin-Lacroix et ah, 2002; Coulon and Delille, 2006). In contrast, in a recent 
study, bacterial diversity following the addition of water soluble fraction (WSF) of 
crude oil to seawater showed significant changes though the treatment lasted only for 
2 days (Prabagaran et ah, 2006). For instance, clones identifying with Psychrobacter, 
Arcobacter, Formosa algae, Polaribacter, Ulvibacter, and Tenacibaculum were 
found only in WSF-added seawater. Increase in their numbers would mean that WSF 
addition enriched these clones but whether they are involved in biodegradation needs 
to be demonstrated. It was also observed that clones related to Psychromonas, Vibrio, 
Cytophaga, and Maribacter, which were present in seawater, were no longer detect- 
able in seawater with water-soluble fraction (WSF) of crude oil, probably because of 
toxic effects of the hydrocarbons present (Prabagaran et ah, 2006). 

Whyte et al. (1996) found that catabolic genes from several aromatic -degrading 
psychrotolerant strains had homology to those described in mesophilic bacteria 
and the genes for aromatic catabolism may be chromosomal or plasmid-borne as in 
Pseudomonas sp. strain BI7 (Whyte et ah, 1997). 
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3.7 CONCLUSIONS 

Studies on the bacterial diversity of the various habitats of Antarctica have indicated 
a considerable degree of diversity and have also led to the discovery of many previ- 
ously undescribed bacterial genera and species. Nevertheless only a miniscule of the 
total bacterial diversity in Antarctica is known and there is a need to extend studies to 
habitats unique to Antarctica such as the pyritic sediments, brine channels of sea-ice, 
ice cores, frozen lakes, cryoconite hole, and cryptoendolithic communities. Further, 
there is a need to study the population dynamics of psychrophilic bacteria in various 
habitats of Antarctica with respect to their diversity, abundance, and distribution as 
a function of environmental parameters such as temperature, salinity, pH, nutrient 
content, and water activity, so as to identify bacteria which could be explored for 
various applications such as bioremediation or to identify suitable biomolecules for 
biotechnological applications. In addition, these cold-loving bacteria could be used 
as model systems to understand the molecular basis of cold adaptation with respect 
to their ability to sense temperature and regulate the expression of genes required for 
survival, growth, and multiplication. 
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4.1 INTRODUCTION 

Spread across the Arctic, Antarctic, and Alpine regions of our world, the cryosphere 
lakes of our planet are most likely an ancient and vital key for the persistence of life 
on Earth. Strong evidence continues to accumulate indicating that the Earth has been 
completely covered with ice for 10 million years or more on at least two occasions in 
a process now known as “Snowball Earth” (Kirschvink et ah, 2000). During these 
periods of massive global glaciation, icy microbial ecosystems would have served as 
the central reservoir for life, including the photosynthetic primary producers such 
as the cold-tolerant cyanobacteria (Vincent and Howard-Williams, 2000; Priscu and 
Christner, 2004). The microbial communities inhabiting this cryosphere would have 
already adapted and evolved in the annual miniature version of the global Snowball 
Earth. To survive in one of the most hostile, extreme environments on Earth, to 
deal with high ultraviolet radiation loads, freeze-thaw cycles, and organic resources 
dependent over the long term on photosynthetic primary production, these communi- 
ties would contain the elite specimens of terrestrial evolution (Tranter et ak, 2004). 

However, the inhabitants of this massive ecosystem are now facing a new set of 
challenges. Few places on Earth have been affected by climate change more than the 
Antarctic Peninsula with an increase in annual average temperatures of almost 3°C 
during the past 50 years (Hansen et ah, 1999). The impact of this change is complex. 
For instance, an increased temperature is accompanied by an increase in humid- 
ity and water availability producing a significantly increased growing season. But 
increases in humidity can alter the ultraviolet-induced inactivation of airborne bacte- 
ria (Peccia et ak, 2001). Radiation can inactivate airborne bacteria at both moderate 
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(50%-60%) and high (85%-95%) levels of relative humidity, hut inactivation rates 
are the greatest at moderate levels (Paez-Rubio and Peccia, 2005). In addition, the 
elevated awareness in the scientific community of the importance of these extreme 
ecosystems has led to signihcant increases in human contact with these fragile 
microbial consortia inhabiting ice ecosystems. The clear price for that contact will 
be an increase in the risk of forward contamination of the lake cryosphere with 
human microbiota and the possibility of chemical contamination with the hydrocar- 
bons inherent in human transportation and survival in Antarctica. 

In this chapter, we will review the anatomy of Antarctic lakes, and discuss their 
potential role as a climate change “canary.” The complex, fragile structure of the 
microbial communities of Antarctic lakes reflects the changes experienced by neigh- 
boring and distant ecosystems, and can serve as an early warning signal for global 
climate change or distributed shifts in total hydrocarbon flux. In particular, we will 
describe recent work to develop laser-induced fluorescence emission (L.I.F.E.) tech- 
niques for the nondestructive, remote, and in situ detection of microbial life living 
in the ice and the snow of Earth’s cryosphere. To begin our review of the anatomy 
of Antarctic lakes, we note that the microbial life of these cryosphere lakes inhabits 
four distinct environmental niches: the air, the annual or perennial ice coverings, the 
lake water, and the sediments. 

4.2 LIFE IN THE CRYOSPHERE AIR 

The evolution of microbial communities of isolated Antarctic lakes actually begins in 
the air. Antarctica is isolated from the other continents of the world by the Southern 
Ocean and the Antarctic circumpolar current (Smith, 1991; Wynn-Williams, 1991). 
However, it has been clear for more than six decades that bacteria, algae, and fungi 
are easily transported through signihcant distances by the wind (Gislen, 1948). In 
fact, hundreds of millions of tons of dust containing viable microorganisms, trace 
metals, and organic materials are transported between continents each year (Choi et 
ah, 1997; Garrison et ah, 2003). Bacteria have even been shown to divide on airborne 
particles (Dimmick et ah, 1979a,b) and approximately 20% of the total atmospheric 
aerosol mass is carbonaceous material (Bauer et ah, 2002). Even cloud water can 
contain high concentrations of organic acids, such as formate and acetate, that bac- 
teria can utilize as energy sources (Herlihy and Mills, 1986; Herlihy et ah, 1987), 
and microorganisms can grow and metabolize even in icy supercooled cloud drop- 
lets (Sattler et ah, 2001). Whatever its origin may be, biological material present 
in Antarctic air represents a diverse consortia of life forms including moss spores, 
pollen, fungal spores, bacteria (including cyanobacteria), algal propagules, viruses, 
lichen propagules, tardigrade cysts, nematodes, and arthropod fragments (Burckle 
et ah, 1988; Wynn-Williams, 1991; Marshall, 1996a, b). 

Eor fungi, probably the most important dispersal route is air transport. However, 
airborne distribution of fungi in the Antarctic is constrained by the low levels of air- 
borne particles. Counts of total colony forming units (bacteria and fungi) in low alti- 
tude air systems are in the order of 0.5-3 m~^ (Cameron et ah, 1977; Wynn-Williams, 
1991; Marshall, 1996a). Meteorological conditions that would allow for such trans- 
port occur regularly, although not necessarily frequently. Nevertheless, more than 
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900 fungal species have been identified in the Antarctic, and the presence of fungi 
pathogenic to plants and invertebrates not found in Antarctica suggests dispersion 
from other regions (Onofri et ah, 2000; Tosi et al., 2002). In addition, fungi normally 
associated with particular hosts have been found in Antarctic ecosystems where their 
hosts are absent (Gottlich et al., 2003). 

Molecular biological studies of airborne bacterial diversity and transport in 
Antarctica are not as extensive as the work on fungi. However, it does appear that 
prokaryotic life in the air of Antarctica may be of distant, local, or regional origin. 
PCR-based investigation of microbial diversity in air samples collected at Rothera 
Point on Adelaide Island in the Antarctic Peninsula, identified a wide variety of 
cyanobacteria, actinomycetes, and diatom plasmids (Hughes et al., 2004). The 
closest 16S rDNA matches for many of the sequences were to organisms already 
identified in fhe Antarctic or other cryosphere environments. While the majority of 
matches were to clones of local origin, wind trajectory calculations indicated that 
the air had recently traversed the Antarctic Peninsula raising the possibility that a 
significant portion of the microbiota identified may have been of widely disfributed 
origin. Regardless of origin, the link between the airborne microbial life and the ice 
of glaciers and Antarctic lakes depends on the fundamental physics of light, heat, 
and the adhesive characteristics of organic molecules. 

4.3 LIFE IN ICE 

The icy covers of Earth’s polar regions and high mountains have classically been 
seen as sterile, harsh environments with excessively low temperatures, large pH 
variations, and dangerous levels of ultraviolet (UV) radiations, too poor in nutrients 
and liquid water to sustain life (Psenner and Sattler, 1998). However, not only the 
lakes, but also the ice and the snow covering these lakes, harbor rich, diverse, com- 
plex microbial communities. Examples of the extensive ecological networks can be 
found in the ice of alpine and polar lakes, sea ice, glacier ice, and even the ice of 
supercooled cloud droplets (Priscu et al., 1998; Psenner and Sattler, 1998; Psenner et 
al., 1999; Sattler et al., 2001; Priscu and Christner, 2004; Sattler et al., 2004). This 
icy ecosystem extends across both hemispheres and all continents. It is highly sensi- 
tive to environmental changes, making it possible for the health of these cryosphere 
communities to serve as proxies of the Earth’s response to more widespread environ- 
mental stressors (Hodson et al., 2008). 

The first step in the establishment of microbial life in polar or alpine ice is marked 
by a change in ice albedo secondary to the adhesion and accumulation of surface 
dust particles (Warren and Wiscombe, 1980; Cutler and Munro, 1996; Brock et al., 
2000). Dust deposition can significantly accelerate glacial melting independent of 
global warming or cooling trends. The major contributor to the absorption of solar 
energy by dust is the humic component (Takeuchi et al., 2001; Takeuchi and Li, 
2008). A diverse set of microbial species including photosynthetic microorganisms 
move through the atmosphere of our planet (Morris et al., 2008) either suspended in 
cloud droplets (Sattler et al., 2001) or attached to dust grains (Eigure 4.1) until the 
assemblage lands on and adheres to the surface of the ice (Psenner, 1999; Porazinska 
et al., 2004). Dust grains containing high levels of humic material will be more 
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FIGURE 4.1 (See color insert following page 276.) One of the authors (BS) collecting 
air samples (a) for 16s RNA analysis of airborne assemblages of microbes on the ice-covered 
Lake Untersee, Dronning Maud Land, Antarctica. The microbial ecosystem of the lake 
begins as airborne particles of microbes, humic material, and minerals adhere (bl) to the icy 
surface. Warmed by the sun the dark mixture of organic and inorganic materials sinks into 
the ice (b2) and is covered by melt water that soon freezes. Solar energy heats the assemblage 
sufficiently to produce a thin biofilm on the particle surface comprised of liquid water and 
multiple microbial species (insert). Photosynthetic cyanobacteria, protected from predators 
and provided with solar energy for photosynthesis, multiply (b3) until the particle surface 
is maximally covered (b4). The assemblage passes into the lake water and finally joins the 
cyanobacteria-dominated mat community (b5) at the lake floor. 



likely to adhere to a surface than would a smooth, inorganic mineral grain because 
of the high coefficient of friction characterizing organic material (Figure 4.1). 
If the material includes significant quantities of microorganisms, the sticky outer 
exopolysaccharide coat of many of these microbes will increase the likelihood that 
the assemblage will adhere to any surface including ice. Once the relatively dark. 
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humic-rich dust attaches to the ice surface, solar energy absorbed by the grains 
raises the temperature of the mixture of organic and inorganic materials. In contact 
with mineral or humic surfaces, ice remains unfrozen as a microfilm surrounding 
the particle as long as it is sufficiently warmed by the sun (Priscu et al., 1998; Price, 

2007) . The increase in assemblage temperature melts the ice forming a cylindrical 
depression and makes it possible for gravity to pull the mixture of soil, minerals, and 
microorganisms into the ice. The descending assemblage is quickly covered by a 
new icy surface if the atmospheric temperature is sufficient to freeze the surface melt 
water. The process generates extreme changes in hydrophysical and hydrochemical 
conditions for the entrapped microorganisms (Tranter et al., 2004). In the clear ice 
coverings characterizing the Antarctic lakes such as those of the Dry Valleys of 
Schirmacher Oasis and Lake Untersee in Dronning Maud Land, the process con- 
tinues as sunlight penetrates deep into the ice (Storrie-Lombardi and Sattler, 2009). 
Solar energy radiating from the dust melts the surrounding ice, coating both the 
grains and the living microorganisms with a thin layer of water. The combination of 
dust, water, organic matter, sunlight, and life now forms a tiny microcosm contain- 
ing liquid water, energy from the sun, and photosynthetic microbial life capable of 
performing as primary producers for this miniature world. The assemblage contin- 
ues to sink into the ice cover until radiant energy from solar heating is balanced by 
heat loss to the surrounding ice. 

Larger macroscopic versions of these accumulations were first called cryoco- 
nites (from the Greek kryos, “icy cold;” and konfa, “dust”) by the Swedish explorer 
A.E. Nordenskjold, in 1870 during an exploration of Greenland glaciers (Miteva, 

2008) . Cryoconite assemblages actually range in scale from the massive surface 
boulders melting slowly into Antarctic lakes to small accumulations of grains with 
a few micrometers to a few millimeters in diameter (Figure 4.2). The microbial con- 
sortia surviving in these miniature habitats dominated by photosynthetic species, 
particularly cyanobacteria (Sawstrom et al., 2002; Anesio et al., 2009), may be the 
principle contributors to primary productivity and biogeochemical cycling for gla- 
ciers throughout the Earth’s cryosphere (Tranter et al., 2004; Hodson et al., 2005; 
Foreman et al., 2007; Hodson et al., 2008). 

Phylogenetic analysis of the microbial communities inhabiting lake ice cryo- 
spheres reveals some consistent and anticipated patterns. For example, an analysis 
of the microbial consortium inhabiting the 2.5 m thick perennial ice cover of Lake 
Paula in Patriot Hills in the West Antarctic revealed that many of the organisms 
which could be sequenced were spore forming and were most closely related to spe- 
cies within the families of Oxalobacteraceae, Caulobacterales, Sphingomonadales, 
Microbacteriaceae and Firmicutes (Sattler et al., 2004). Two organisms, Adnetofcacter 
radioresistans and Methylobacterium radiotolerans, were isolated which are 
known to be resistant and tolerant, respectively, to radiation. The remainder of the 
sequences came from species most closely related to cold-tolerant organisms, such 
as Cellulomonas sp., Sphingomonas sp. {paucimobilis). Microbacterium brevis, 
Paenibacillus illinoisensis, Arthrobacter sp., Clavibacter sp., and Bacillus mega- 
terium. The vertical analysis of biomass and carbon production revealed other con- 
sistent gradients. Biomass estimated from a consolidated sample (mean cell count 
1.35xlO*L“0 was 2.17 pg carbon L~L Bacterial abundance showed high variability 
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FIGURE 4.2 (See color insert following page 276.) Cryoconites come in all sizes from 
accumulations at the base of massive boulders (a) floating on the ice cover of Lake Untersee 
to millimeter scale particles wrapped in refractive crystals of ice spread across the lake 
surface (b). 



ranging from a minimum of 1.35 x 10'’ cells L“^ in the middle part of the ice core 
up to a maximum of 3.03x 10*L“^ on the top ice surface. The cell production rates 
measured by ^H-thymidine incorporation varied between a minimum of 16.7 cells 
L“' h ' in the midportion of the ice, to a maximum of 7.84 x 10"^ to 10^ cells L“' h^' at 
the bottom of the ice at the interface to the liquid phase of the lake. Microbial carbon 
production was highest in the upper layer at 260 fgC L“'h"', a layer dominated by 
optically larger cells than were found in the lower layers. Bacterial doubling times 
show significant variations ranging from 17 days for the most productive lower layer 
to 2334 days for the minimally productive inner layers of the ice. 
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4.4 LIFE IN ANTARCTIC LAKE WATER, SEDIMENT, AND MATS 

Antarctic lakes exhibit a wide range of physical and chemical conditions, may be 
freshwater or hypersaline, usually contain simplified truncated food webs, may be 
perennially or annually ice covered, and may or may not contain bottom-dwelling 
microbial mat communities (Laybourn-Parry and Pearce, 2007). Many of the lakes 
are found in the Antarctic oases such as the ice-free dry valleys of the Schirmacher 
Oasis in Dronning Maud Land or the McMurdo Dry Valleys in Southern Victoria. 
A second class of lakes, the Epishelf lakes (Smith et ah, 2006), can be found between 
ice shelves and land mass, and appear to be almost unique to the Antarctic continent 
with only a few examples described in the Arctic (Vincent et ah, 2001). In addition, 
temporary lakes form on glacier surfaces with microbial communities resembling 
those found in smaller cryoconite holes, and from ground-penetrating radar data we 
now know that there exists a vast array of subglacial lakes spread across the conti- 
nent. Cold, oligotrophic, alkaline epiglacial lakes may be one of the most common 
lake types in Antarctica. 16S rRNA gene T-RFLP data demonstrated considerable 
heterogeneity between the bacterial communities of eight epiglacial lakes located in 
the Framnes Mountains 30 km inland from Mawson Station (Twin et ah, 2008). The 
lakes support under-ice algal mats, harboring a variety of metazoan communities. 
Patterned Lake (pH 10.4, salinity 0.075 pss) photosynthetic microbial community 
is dominated by cyanobacteria related to Pseudanabaena and Leptolyngbya spp., 
while Sonic Lake (pH 10.6, 0.682 pss) is dominated by eustigmatophytes similar to 
Nannochloropsis salina and to uncharacterized freshwater rhodophytes and chryso- 
phytes. Extreme environmental conditions including cold, salinity, minimal levels of 
photosynthetically active radiation (PAR), and limited availability of nitrogen, phos- 
phorous, and oxygen have all provided a unique set of evolutionary constraints. For 
the past decade understanding of the phylogenetics and biodiversity of Antarctic lakes 
has relied on the PCR-amplifed 16S rRNA gene sequencing and the development of 
clone libraries (Dobson et ah, 1993; Bowman et ah, 2000a,b; Baker et ah, 2003). 
But now the field determination of microbial community structure and function has 
become possible through the increasing use of other molecular and physiochemi- 
cal technologies including fluorescence in situ hybridization, spectrophotometry, 
radioactive isotope incorporation, stable isotope analysis, microautoradiography, 
whole genome sequencing, and in situ L.I.F.E. 

In a comparison to culture -dependent and culture-independent techniques to 
assess Antarctic lake bacterioplankton, six bacterial divisions (including 24 genera) 
were identified using culfure-dependent techniques, while eight bacterial divisions 
(including 23 genera) were identified using culture-independenf fechniques (Pearce 
et ah, 2003). Only five genera, Corynebacterium, Cytophaga, Flavobacterium, 
Janthinobacterium, and Pseudomonas (representing four bacterial divisions), could 
be detected using both sets of techniques. Interestingly, pigment production was 
found within members of each of these genera. This and similar studies emphasize 
the importance of a comprehensive polyphasic approach in the analysis of lake bac- 
terioplankton communities. 

The extreme environmental conditions and geographic isolation of the Antarctic 
comments led early investigators to speculate that lake microbial communities 
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would exhibit significant biodiversity. Current data indicates that sequence dissimi- 
larity between the rRNA sequences of Antarctic strains and their nearest known 
relatives is sufficient to imply species divergence from one another much earlier than 
the establishment of their current Antarctic habitat (Franzmann and Dobson, 1993). 
16S rRNA clone library analysis evaluated the biodiversity within the sediments of 
three hypersaline Antarctic lakes (Bowman et ah, 2000a, b). The Vestfold Hills lake 
system (68°S 78°E) of Eastern Antarctica formed during the Holocene, has been 
relatively unchanged for 4000 years, and accounts for approximately one-fifth of the 
world’s meromictic lakes. Three hypersaline lakes in the region formed by seawater 
evaporation are almost perennially ice free. Ekho Lake is a 40 m deep, heliothermal 
meromictic lake; Organic Lake is a shallow meromictic lake with unusually high 
levels of dimethylsulfide in its bottom waters; and Deep Lake is a frigid (-14°C to 
-18°C) 36 m deep monomictic lake with a salinity 10 times that of seawater. The 
microbial community of Deep Lake was dominated by halophilic Archaea. The sedi- 
ment communities of the two meromictic hypersaline lakes. Organic Lake and Ekho 
Lake, were more complex. Microbial phylotypes clustered within the Proteobacteria 
and Bacteroidetes divisions and with algal chloroplasts. Many phylotypes of these 
lakes were related to taxa adapted to marine salinity. The Ekho Lake clone library 
contained several major phylotypes related to the Haloanaerobiales, probably the 
result of selection pressure from the comparatively high (15°C) in situ lake tempera- 
ture. Diversity indices were determined including indices estimating biodiversity 
coverage, diversity (Shannon-Weaver index), dominance (Simpson index), evenness, 
and species richness. The coverage of biodiversity was very high, ranging from 87% 
to 96%, but the species richness index was 2-20 times lower than was found in the 
sediments of low to moderate salinity Antarctic lakes (Coolen et ah, 2004; Glatz et 
ah, 2006). 

Subglacial Lake Vostok, the eighth largest lake of Earth’s lakes (area = 14,000 km^), 
is covered by 4 km of glacial ice. As the glacier has traversed the lake, lake water has 
frozen to the bottom of the glacier forming a 200 m accretion ice layer. The Vostok 
microbial community, while exhibiting some of the lowest recorded concentrations 
of microbes found on the planet, nevertheless presents as an extremely diverse and 
complex microbial assemblage. An analysis of seven accretion core sections and two 
deep glacial cores identified 18 unique bacterial rRNA gene phylotpes. Maximum 
parsimony analysis indicates that nearest known sequences represent psychrotoler- 
ant organisms from Firmicutes, Actinobacteria, and a-proteobacteria taxa (D’Elia et 
ah, 2008). Microbial diversity in Lake Vostok even includes thermophilic chemoau- 
totrophs. The thermophile bacterium Flydrogenophilus thermoluteolus has been 
identified in the 3561 and 3607 m accretion ice core samples (Lavire et ah, 2006). 
The findings point to the presence of thermophilic chemoautotrophic microorgan- 
isms in Lake Vostok accretion ice, presumably living originally in deep faults in the 
lake bedrock cavity. 

Understanding the history of the adaptive responses used in Antarctic lake 
microbial communities across evolutionary time and predicting likely responses 
(including species divergence) to current climate change, hydrocarbon contamina- 
tion, and increased contact with humanity will fall on the shoulders of molecular 
biology. Portions of the adaptive record of Antarctic microbial communities will 
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be contained in the genomes of the Archaea and bacteria inhabiting Antarctic air, 
soil, ice, and lakes. Whole genome microbial sequences for Antarctic lake species 
have only recently appeared (Peck et al., 2005), but the data have already contrib- 
uted to our understanding of cold adaptive responses for both genome integrity and 
whole organism function. Complete genomic sequences have now been obtained for 
Methanogeniumfrigidum and Methanococcoides burtonii isolated from the hypolim- 
nion of Ace Lake, Vestfold Hills, Antarctica (Saunders et al., 2003). A comparison 
of these genomes of cold-adapted methanogens to seven genomes from hyperther- 
mophilic and mesothermophilic methanogens revealed that proteins encoded in the 
cold-adapted Archaea are characterized by a higher content of noncharged polar 
amino acids, particularly Gin and Thr, and a lower number of hydrophobic amino 
acids, particularly Leu. Protein structure models generated using sequence data from 
the nine genomes indicated that the cold-adapted Archaea showed a strong tendency 
to use more Gin, Thr, and hydrophobic residues and fewer charged residues in the 
solvent-accessible area of the proteins. A cold shock domain (CSD) protein (CspA 
homolog) was identified in M. frigidum, two hypothetical proteins with CSD-folds 
were found in M. burtonii, and a unique winged helix DNA-binding domain protein 
occurs in M. burtonii. The findings suggest that these types of nucleic acid binding 
proteins have a critical role in cold-adapted Archaea, but the exact functions remain 
undefined. GC content is the major factor influencing tRNA stability in hyperther- 
mophiles, but not in the psychrophile, mesophile or moderate thermophile genomes. 
These observations imply that any demand for tRNA flexibility in psychrophiles is 
mediated by other mechanism. 

4.5 ANTARCTIC LAKE HYDROCARBON 
EXPOSURE AND DEGRADATION 

Oil spills caused by humans leave irreparable tracks in sensitive ecosystems, such 
as Antarctic lakes. A helicopter crash in January 2003 deposited a JP5-AN8 mix- 
ture aviation diesel fuel on the 5 m thick perennial ice cover of Lake Fryxell in 
McMurdo Dry Valleys, East Antarctic (Jaraula et al., 2009). Immediate spread of 
the fuel was enhanced by the presence of meltpools formed in response to aeolian 
sediment accumulation. But even in the absence of melt pools, slow spreading of 
the diesel through the porous ice occurred depending on the aqueous solubility of 
the fuel components. Some ice samples exhibited water-washed diesel, while others 
contained only relatively soluble low molecular weight aromatic hydrocarbons, such 
as alkylbenzene and naphthalene homologues. Follow-up analysis a year after the 
spill identified simple evaporation as a major diesel-weathering variable in both ice 
and meltpool waters. 

Even the scientific exploration of Antarctic Lakes poses considerable contamina- 
tion risks. For example, a fundamental problem in phylogenetic studies of glacial ice 
and subglacial lakes is the prevention of both forward and retrograde contaminations 
of drill sites while obtaining ice cores. At Lake Vostok, after obtaining 3650 m of ice 
core, it was noted that the core surface was coated with a hard-to-remove film com- 
prised of aliphatic and aromatic hydrocarbons and foranes originating in the drilling 
fluid (Alekhina et al., 2007). 16S rRNA gene sequencing identified six phylotypes. 
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The two dominant phylotypes recovered from 3400 to 3600 m were from within the 
genus Sphingomonas, a genus that includes organisms quite capable of PAH degra- 
dation. The remaining phylotypes were human- or soil-associated bacteria presumed 
to be drilling fluid contaminants. 

Hydrocarbon bioremediation can certainly be accomplished in cold freshwater 
lakes. Psychrotrophic phenanthrene-degrading bacteria have been found in sediment 
samples from Lake Baikal, Russia (Ahn et al., 2005). From 70 phenanthrene-degrading 
original isolates, the seven demonstrating the highest phenanthrene-degradation rates 
were identified by 16S rDNA sequencing. The Gram-positive rod- shaped R/jocfococcM^ 
erythropolis exhibited the highest growth and degradation rates removing more than 
a quarter of the available phenanthrene in 20 days at 15°C. Degradation was less effi- 
cient but still significant at 5°C. This psychrotrophic phenanthrene-degrading bac- 
terium has been proposed as a candidate for use in the bioremediation of polycyclic 
hydrocarbon contamination in low temperature environments. 

However, Lake Baikal contains a rich, diverse microbial community with ample 
opportunity for interspecies horizontal gene transfer of enzyme codes important for 
bioremediation and rapid response to wide variations in temperature and oxygenation. 
Under laboratory conditions indigenous Antarctic coastal bacteria can degrade n-al- 
kanes and the more recalcitrant PAH, phenanthrene. Bacterial cultures from selective 
enrichment of sand collected 60 days and 1 year after treatment of sites in an oil spill 
trial at Airport Beach, Vestfold Hills, East Antarctica, were evaluated for their ability 
to degrade n-alkane and phenanthrene (Cavanagh et al., 1998). Cultures obtained from 
sites treated with Special Antarctic Blend [SAB] and BP-Visco degraded n-alkanes 
more efficiently than cultures derived from sites contaminated with fish oil [orange 
roughy]) or inoculated with water from Organic Lake, a site previously shown to 
contain hydrocarbon-degrading bacteria. Two isolates obtained from samples col- 
lected at 60 days efficiently degraded phenanthrene. 1-Hydroxy-naphthoic acid was 
the major phenanthrene metabolite, but there were detectable levels of salicylic acid, 
1-naphthol 1,4-naphthaquinone, and phenanthrene 9-10 dihydrodiol. 

In specific cold, underwater Antarctic conditions, the biodegradation of some 
hydrocarbons may be difficult. An in situ experiment (Thompson et al., 2006) near 
the Bailey Peninsula area, Casey Station, East Antarctica, monitored the natural 
attenuation in the marine sediments of synthetic lubricants including unused and 
used Mobil lubricants (OW/40) and a biodegradable alternative (OW/20; Euchs). 
Clean sediment was contaminated with lubricants and deployed by divers onto the 
seabed. Alkanoate esters of l,l,l-tris(hydroxymethyl) propane in the biodegradable 
and unused lubricants were degraded extensively, but constituted only a minor pro- 
portion of the lubricant volume. Potentially toxic additives, such as alkylated naph- 
thalenes and substituted diphenylamines, were fairly resistant to degradation. Since 
the biodegradable lubricant did not break down under these Antarctic marine condi- 
tions it could not be classified as biodegradable. 

Critical to our understanding of indigenous bioremediation capability of Antarctic 
lakes will be our ability to identify the nucleotide codes for useful degradation or 
metabolic enzymes. Sequencing of these two Archaeal methanogens, M. frigidum 
and M. burtonii, will be particularly useful for our exploration of PAH degrada- 
tion strategies in Antarctica. Both organisms have made significant cold adaptive 
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responses to Antarctic temperatures, yet no biodegradative enzyme pathways have 
been identified in either genome. If these archea are of relatively ancient origin, such 
an omission is more than interesting, and makes their genome organization and com- 
position a useful baseline for our understanding of the appearance of biodegradation 
capabilities in Antarcic Eubacteria and Archaea. However, the even more intriguing 
possibility exists that they may use strategies we simply do not yet recognize. 

One of the most significant genome efforts will be our attempts to understand 
anaerobic strategies for biodegradation. Both liquid water and ice covers of Antarctic 
lakes can exhibit local or distributed anoxic regions. The absence of oxygen pro- 
duces a shift in the metabolic strategies for biodegradations of a variety of hydrocar- 
bon contaminants, the most difficult of which are the PAHs. Originally thought to 
require the presence of oxygen to initiate the enzymatic attack on PAH rings (Peng et 
ak, 2008), data now exists documenting that the degradation of aromatic compounds 
including PAHs readily occurs in anaerobic systems. For a comprehensive general 
review of anaerobic fuel degradation and specifically anaerobic degradation of aro- 
matic compounds see Powell et al. (2006) and Carmona et al. (2009) and references 
therein, respectively. The ability to degrade aromatic hydrocarbons in anaerobic con- 
ditions is of considerable importance since many cryosphere ecosystems that are at 
risk for contamination by these substances are primarily anaerobic. The stability 
of the benzene ring has led to its considerable usage in industry, its toxicity, and its 
persistence at spill sites. The stability poses a significant challenge for anaerobic 
catabolic or anabolic systems. 

Beyond its current environmental significance as a carcinogen, the anaerobic 
activation of benzene (the 1-ring precursor for all PAH species) is of considerable 
interest for our understanding of the origin and evolution of microbial life on Earth. 
The activation in the absence of molecular oxygen of a nonsubstituted aromatic 
ring, exhibiting the highest C-H bond dissociation energy among all hydrocarbons, 
is a significant biochemical reaction. The fundamental nature of this reaction forces 
a single question: just how ancient are the anaerobic PAH degradation pathways? 
PAH spectral signatures have been documented in meteorites, the dust of the inter- 
stellar medium, throughout our local Milky Way galaxy, and neighboring galaxies 
(for a complete discussion of the ubiquity of PAHs in the local universe see the 
chapter by Gerakines et al. in this volume). In brief, following the cessation of the 
heavy bombardment of Earth, the organic resources of the planet would have been 
restricted to the molecular species provided by planetary infall of interstellar dust, 
micrometeorites, meteorites, and comets (Chyba et al., 1990; Chyba and McDonald, 
1995). Small 1-, 2-, 3-, 4-, and 5-ring PAH moieties would have comprised a sig- 
nificant portion of the organic material available to the microbial community of 
Archaean Earth. If our sun were, indeed, significantly cooler (Sagan and Mullin, 
1872) and the Earth devoid of free oxygen during that time period, then our planet 
may have experienced repeated episodes of global glaciation significantly earlier 
than the posited palaeoproterozoic snowball Earth (Kirschvink et al., 2000) and the 
only survivors may have been cold-adapted anaerobes. Did the anaerobic microbial 
population of an ancient cryosphere develop PAH degradation pathways during the 
earliest days of life on this planet? At present little is known about when these 
pathways appeared. But acquiring and exploring the whole genome sequences of 
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Antarctica’s cryosphere anaerobes for clues to the antiquity of PAH degradation 
pathways will constitute a significant and exciting challenge for polar science and 
Astrobiology in the coming decade. 

4.6 ENVIRONMENTAL EARLY WARNING SYSTEMS: L.I.F.E. 

Current climate warming, ozone depletion, and increased ultraviolet radiation are 
all altering Antarctic aquatic systems (Quayle et ah, 2002). The Antarctic Peninsula, 
for example, has been subjected to one of the most rapid temperature increases on 
Earth with mean air temperature rising 2°C across the past 50 years compared to a 
mean global increase of only 0.6°C ± 0.2°C during the twentieth century. However, 
the major observable and concerning phenomenon is not the simple global warming 
trend, but the chaotic, in a mathematical sense, nature of local climate responses 
across the Antarctic continent. For instance, although the peninsula has experienced 
excessive warming, other regions such as the environment around the geographic 
South Pole are cooling. In like fashion, while there is no data to indicate that the shal- 
low southern oceans have experienced significant warming, the mean winter water 
temperature for Signy Island lakes increased by 0.9°C in 15 years from 1980 to 1995, 
approximately three times the rise in global mean temperature (Quayle et ah, 2002). 
The rise has been accompanied by a loss of almost half of the ice cover and lake 
chlorophyll concentrations have doubled (Quayle et ah, 2003). 

Antarctic lakes are clearly delicate ecosystems capable of rapid, measurable 
responses to local climatic change (Lyons et ah, 2007). However, it is not the indi- 
vidual stressors posed for life in Antarctica that make this continent worthy of inten- 
sive study. Cold, desiccation, UV exposure, and organic pollutants are present across 
the planet. Instead, it is the timely convergence of all of these stressors and the adap- 
tive responses demanded that place the Antarctic continent and its microbial life in 
a unique position. The response of a living system to these multivariate phenomena 
can be unexpected. For instance, the investigation of the covariance of increases 
in mean temperature and increases in UV radiation in the McMurdo Dry Valleys 
induced a synergistic increase in the production of the UV-screening compound, 
scytonemin, by the extremophilic cyanobacterium Chroococcidiopsis sp. (Dillon et 
ah, 2002), a most serendipitous event for the organism, but not predicted from first 
principles. 

The measurement of Earth’s cryosphere biota has classically relied on in situ, 
human-intensive efforts. The techniques survey only a single or a few local sys- 
tems and samples must be cored from the ice or siphoned from lake water by onsite 
personnel. The processes generally disrupt the structure of indigenous microbial 
communities and their interaction with the surrounding matrix. In fact, current tech- 
niques employed may even provide their own contamination component, such as the 
drill oil contamination at Lake Vostok described above (Alekhina et ah, 2007). 

Global monitoring of Earth’s cryosphere will depend on the development of new 
techniques for in situ, airborne and/or orbital surveys. L.I.F.E. from specihc biomo- 
lecular intracellular and extracellular targets is the most robust technique that does 
not require sample preparation, sample destruction, or limited consumable resources 
other than power (Asher, 1993). L.I.F.E. biosignatures may be extracted using either 
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spectra or images, or by combining both using nonlinear artificial neural networks 
(Storrie-Lombardi et al., 1992; Lahav et al., 1995). High-resolution epifluorescence 
microscopy with broadband excitation wavelengths at 254 and 375 nm, and laser 
excitation wavelengths at 532 and 660 nm is the standard equipment for aquatic 
microbiologists. Laser wavelengths between 220 and 250 nm (deep ultraviolet) probe 
nucleic acids and amino acids to produce fiuorescence at 300-350 nm (Nealson et al., 
2002). L.I.F.E. using these wavelengths has been used to detect microbial life 1.3 km 
below Mauna Kea (Fisk et al., 2003) and has been proposed as a survey tool to search 
for life on Mars (Storrie-Lombardi et al., 2001). The excitation of metabolites found 
in all life on Earth (fiavin adenine dinucleotide and nicotinamide adenine dinucle- 
otide) using a 375 nm laser evokes fiuorescence in the blue and green portions of 
the visible spectrum (Storrie-Lombardi, 2005) and is being evaluated for use in the 
European Space Agency’s ExoMars mission to search for PAHs in the Mars regolith 
(Griffiths et al., 2008; Storrie-Lombardi et al., 2008a, b). The excitation between 450 
and 650 nm produces fiuorescence in microbial photosynthetic pigments (Blinks, 
1954) including the phycobiliproteins and the chlorophylls. Phycobiliproteins are 
found primarily in red algae, cyanobacteria, and cryptomonads including species 
inhabiting ice-covered Antarctic lakes where they harvest light at energies poorly 
handled by chlorophyll a. The green-brown cyanobacterium Chroococcidiopsis sp. 
and three cyanobacteria (the blue-green Gloeocapsa sp., the brown Gloeocapsa 
sp., and the red-orange Gloeocapsa sp.) are the most widespread phycobionts of 
cryptoendolithic lichens in the high-polar regions of Antarctica. All species pro- 
duce significant fiuorescence response to excitation at either 436 nm (Soret band for 
chlorophyll) or 550 nm (region of maximum absorption by phycobiliproteins). 

L.I.F.E. spectral biosignatures, most commonly attributed to the phycobilirubins, 
have been observed decades from airborne platforms such as NASA’s Airborne 
Oceanographic LIDAR (Light Detection and Ranging) since 1979 while survey- 
ing Earth’s liquid oceans and lakes (Hoge and Swift, 1981). But while the remote 
detection of L.I.F.E. signatures is relatively common at this time for terrestrial 
aquatic monitoring and has even been used to map subtle shifts in aquatic biomass 
composition, no systematic in situ or remote sensing attempt has been made to extract 
such information from the ice of Arctic, Antarctic, or Alpine lakes and glaciers. 
The absence of such efforts is surprising since, as described above, atmospheric 
infall material incorporated into the upper ice in the form of cryoconite sediments is 
relatively rich in organic material (Anesio et al., 2009) and microbial communities 
dominated by photosynthetic organisms fiourish even inside the ice if covered by a 
microfilm of liquid water (Priscu et al., 1998; Psenner and Sattler, 1998). The detec- 
tion of such assemblages within the first few centimeters of the ice surface using 
simple, robust L.I.F.E. techniques was recently accomplished as a part of the Tawani 
2008 Antarctic Expedition to Schirmacher Oasis and Lake Untersee, a 2 month 
campaign in 2008 to lakes in Dronning Maud Land, Antarctica (Storrie-Lombardi 
and Sattler, 2009). Initial in situ survey of lake ice covers in the Schirmacher Oasis 
and Lake Untersee revealed the massive extent and density of dust infall, entrap- 
ment, and the initiation of cryoconite hole evolution (Figure 4.2). The assemblages 
cover the entire surface of lakes sufficiently large to permit orbital LIDAR imaging, 
and L.I.F.E. signatures were easily extracted in situ with current off-the-shelf laser 
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and imaging technology. The findings make possible the development of in situ and 
orbital monitoring strategies capable of predicting the impact of climate change or 
contamination on the annual cryosphere contribution to the global carbon budget. 
L.I.F.E. wavelength choices will permit the monitoring of either simple 3-, 4-, or 
5-ring PAH moieties or more complex photosynthetic pigments. 

4.7 SUMMARY 

The cryosphere lakes of our planet, particularly those in Antarctica, contain micro- 
bial communities essential to our understanding of the appearance and survival 
of life on Earth. Those species sufficiently adapted to survive within the ice itself 
will most likely carry genomic and phenotypic clues to the strategies that life has 
employed to withstand the recurrent global glaciations of the Snowball Earth. Of 
most interest to our understanding of microbial adaptation to current hydrocarbon 
contamination of pristine cryosphere regions is the possibility that microbial life 
on Earth had to adapt to primitive hydrocarbons, such as the polycyclic aromatic 
hydrocarbons during the first few hundred million years after the cessation of the 
heavy bombardment. In fact, if life arose in the dust clouds of star-forming regions 
of space, the adaptive process may certainly have predated the appearance of life on 
a formed terrestrial planet. Monitoring the response of Earth’s cryosphere to mod- 
ern changes in temperature, radiation, humidity, and human contact will require a 
significant interdisciplinary effort to develop new and more efficient strategies for 
remote and in situ quantifications of life in snow and ice. While the engineering and 
scientific challenges of developing and deploying a global monitoring network, such 
as the L.I.F.E. techniques, described here are considerable, the possibility exists that 
we can draw on two of humanity’s most ancient economic and social mandates: our 
need to protect a unique and fragile ecosystem, and the perennial human desire to 
explore other worlds for universal signatures of life. 
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5.1 INTRODUCTION 

Microbial extremophiles are the dominant life forms of the polar environments. 
They are able to survive in the extreme polar environments and have developed 
mechanisms that allow them to cope with a variety of stressors. These include freez- 
ing temperatures and repeated freeze-thaw cycles, desiccation, high or low levels of 
salinity or pH, and lengthy periods of darkness during winter. Polar life forms must 
also be able to survive exposure to high levels of solar UVB (280-314 nm) radiation 
due to stratospheric ozone depletion over the Antarctic (McKenzie et ah, 2003) and 
Arctic regions during the summer (Knudsen et ah, 2005). The dominant prokaryotes 
of polar environments are psychrophilic and psychrotolerant cyanobacteria, bacteria 
and archaea, and the dominant photosynthetic eukaryotes are algae, which are pri- 
marily diatoms. 

Morita (1975) defined psychrophiles as organisms that have optimal temperature 
for growth below 15°C and maximal temperature for growth at 20°C. Psychrotolerant 
organisms are able to grow at low temperatures with much lower rates, and they have 
optimal growth in the range of mesophilic organisms (20°C-40°C). Psychrotolerant 
microorganisms are usually the organisms most frequently found in cold envi- 
ronments, perhaps because they may have better nutritional adaptability (Wynn- 
Williams, 1990) or due to horizontal gene transfer from mesophiles (Aislabie et ah, 
2004). Many of these psychrotolerant bacteria found in mesophilic environments 
and may have been transferred to Antarctica. 

It has been known since 1887 that some species of bacteria were capable of 
growth at 0°C or below (Foster, 1887). In 1918, McLean reported the isolation of 
gram positive cocci and gram negative spore-forming- and non-spore-forming rods 
from the snow, ice, and frozen algae of Antarctica. Darling and Siple (1941) isolated 
178 strains from the snow, ice, soil, and debris of Antarctica. Straka and Stokes 
(1960) reported psychrophilic bacteria from ice and guano in Antarctica, but due to 
a difference in terminology the growth characteristics indicate that many of these 
bacteria were actually psychrotolerant rather than true psychrophiles. However, 
most of the knowledge about psychrophilic and psychrotolerant microorganisms 
and their habitats has been gained in the past three decades. Extensive studies of 
microbial life in the polar environments have been carried out, and new taxa of 
psychrophiles have been discovered and described (Broady, 1981, 1982; Mountfort 
et ah, 1997; Reddy et ah, 2003). 
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Now, there is a much better understanding of the mechanisms for survival in 
polar environments. Survival strategies include genetic and acclimation processes, 
and adaptations (Elster, 1999, 2002; Vincent, 2000). These include mechanisms such 
as seasonally induced dormancy, production of pigments, exopolysaccharides, and 
sheaths to protect from UV radiation, and the utilization of specialized enzymes and 
cryoprotectants to prevent cell lysis during freeze-thaw cycles. 

Concerning metabolism, among psychrophiles, the organoheterotrophic and pho- 
totrophic types are predominant. The lithoautotrophic type, which is the earliest by the 
evolutionary scale, and usually is the characteristic for hyperthermophiles, is common 
only for some species of psychrotolerant methanogenic archaea, bacterial methanotro- 
phs and homoacetogens inhabiting polar peat bogs (Dedysh et al., 2000; Trotsenko 
and Khmelenina, 2005; Zhang et al., 2008). Reports about lithotrophic, psychrophilic, 
sulfate-reducing bacteria have also been published (Geittel et al., 2008). 

Many of the chemical entities of importance to modern biotechnology are pro- 
teins, polysaccharides and other large polymeric molecules, which function at 
extreme physicochemical parameters. Psychrophilic and psychrotolerant microor- 
ganisms and their unique cold shock and cold-acclimation proteins and enzymes 
(e.g., proteases, lipases, and cellulases) have a host of biotechnology applications 
(Gounot, 1991). These include cold-water detergents, food additives and flavor 
modifying agents, biosensors, and environmental bioremediation. The exclusively 
temperature-sensitive molecules and enzymes of psychrophiles have applications in 
pharmaceuticals. The cryoprotectors synthesized by psychrophilic and psychrotoler- 
ant microorganisms are used in cosmetics, medicine, and agriculture. 

A detailed review of the biotechnology applications of psychrophilic and psy- 
chrotolerant microorganisms has been presented by Huston (2007). Psychrotolerant 
microorganisms are of great value in the bioremediation of hydrocarbon-contam- 
inated soil in Antarctica, and they have the ability to maintain activity under the 
extreme conditions of the polar environment (Bej et al., 2000; Paniker et al., 2002, 
2006). Several new strains of psychrotolerant bacteria have been isolated from oil- 
contaminated soil in Antarctica and studied in detail (Aislabie et al., 2000; Bej 
et al., 2000). Horizontal gene transfer mechanisms have been suggested to play a role 
in cold-adapted aromatic degrading bacteria (Aislabie et al., 2004, 2006). Molecular 
methods help to understand the distribution of microorganisms in polar environ- 
ments (natural and contaminated ecosystems). Gene mapping has been performed 
for several ecosystems and the wide microbial diversity in these environments has 
been demonstrated (Juck et al., 2000). 

Investigations of microbial extremophiles in polar environments are important 
to understand environmental change, global warming, and the newly emerging field 
of Astrobiology. Using three decades of satellite (Coastal Color Scanner and Sea- 
Viewing Wide Field-of-View Sensor) and field observations Montes-Hugo et al. 
(2009) showed that ocean zone biological productivity, estimated by the measure- 
ments of surface chlorophyll a concentrations along the West Antarctic Peninsula, 
has declined by 12%. Large scale climate changes could alter the content of microbial 
communities, especially in polar regions, possibly contributing to the natural process 
of substitution of true psychrophilic species by psychrotolerant ones, accompanied 
by gene-transfer and other processes. A key element of Astrobiology is the study 
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of the limits and diversities of microbial life in the most extreme environments on 
Earth. Since water is crucial for life as we know it, the most important Astrobiology 
targets are the frozen worlds of the Solar System bodies where water is present either 
in liquid or solid state. These include comets or water bearing asteroids; the perma- 
frost, craters, or polar ice caps of Mars; and the icy moons of Jupiter (e.g., Europa, 
Callisto, lo, or Ganymede) or Saturn (e.g.. Titan or Enceladus). The polar environ- 
ments of Earth provide the best terrestrial analogues for these regimes. Consequently, 
the nature and distribution of microbial extremophiles that inhabit the Earth’s polar 
regions may provide valuable information crucial to the development of instruments 
and operational techniques needed to search for and to recognize evidence of extant 
or extinct life elsewhere in the Cosmos. 

In this chapter, we review recent information about psychrophilic and psychrotol- 
erant microorganisms isolated from different cold environments. We provide some 
preliminary data on the isolation, morphology, and physiology of novel anaerobic 
microbial extremophiles from polar environments (and psychrotolerant strains isolated 
from penguin guano) in the logic scheme for the biogeochemical cycling of organic mat- 
ter divided into two major groups: (1) the producers and (2) the decomposers of organic 
matter. This arrangement does not cover an exact functional meaning for all reviewed 
microorganisms, since it is difficult to put the metabolic diversity of organisms under 
one universal definition. Eor example, some phototrophs can use the photoheterotrophic 
and, even, organoheterotrophic pathways in metabolism, depending upon conditions. 
There are species of diatoms and green algae that lack pigments and support their life 
cycle exclusively by organoheterotrophic metabolism. Furthermore, some anaerobic 
decomposers, which are lithohetherotrophs or organotrophs, are also able to synthesize 
organic matter from inorganic compounds; for example, some methanogenic archaea 
and bacterial homoacetogens are able to use lithoautotrophic metabolic pathways. 

5.2 PRODUCERS OF ORGANIC MATTER 
IN POLAR ENVIRONMENTS 

In the polar environments, the dominant primary producers of organic matter are the 
photosynthetic eukyarotic algae (mainly diatoms and snow algae) and photosynthetic 
prokaryotes (mainly cyanobacteria). The chemolithoautrophic producers of organic 
matter in anaerobic communities of polar regions are limited to the methanogenic 
archaea and the homoacetogenic bacteria that are able to grow on hydrogen and COj/ 
CO or just on CO 2 (Simankova et al. 2000). 

5.2.1 Eukaryotic Photosynthetic Microorganisms 

5.2.1 .1 Diatoms 

Psychrophilic and psychrotolerant diatoms are the most abundant unicellular eukary- 
otes of the polar environments. Diatoms have also been extensively studied in the 
polar oceans, sea ice, high alpine regions and the freshwater lakes, streams, and soils 
of Antarctica. These photoautotrophic microalgae are one of the most important 
groups of the phytoplankton of the polar oceans. Diatoms are responsible for most of 
the primary productivity in the polar oceans and they are the principal component 
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of the entire polar food chain — feeding krill, fish, whales, penguins, and other sea 
birds. One of the main habitats of polar diatoms is sea ice. Diatoms are so abundant 
in the polar oceans that they produce vast “blooms” during the polar spring that can 
best be appreciated from satellite imagery. This is due to the presence of high silica 
concentrations in the polar oceans coupled with the remarkably successful adapta- 
tions of diatoms to the polar environment. 

Early investigations of polar marine diatoms were carried out by Castracane 
(1886) during the 1873-1876 HMS Challenger Expedition and by Henri van Heurck 
during the 1897-1899 voyage of the S. Y. Belgica (van Heurck, 1909). Freshwater 
diatoms from the South Georgia Island were described by Reinsch (1890). The 
dominant diatoms of the polar oceans include many marine Gentries, such as 
Chaetoceras criophilum, Asteromphalus spp. Actinocyclus karstenii, A. curvatu- 
lus, Azpeitia tabularis, Coscinodiscus spp., Corethron criophilum, Thalassiosira 
antarctica, T. pseudonana as well as pennates such as Fragilariopsis kerguelensis. 
The pack-ice and sea-ice communities are dominated by small pennates, such as 
Fragilariopsis curia, Fragilariopsis cylindrus, Amphiprora spp., Navicula spp., and 
Nitzschia spp. Diatoms have been studied from the Antarctic ice-cores (Burckle et 
ak, 1988). Diatom frustules (and in some cases intact cells) as well as a host of other 
prokaryotes have been found in some of the very deep ice cores above Lake Vostok 
(Abyzov et ak, 2001, 2006; D’Elia et ak, 2008). Freshwater diatoms have been used 
as indicators of environmental change in the high arctic (Douglas and Smol, 1999) 
and for monitoring human-induced environmental changes in tundra ecosystems 
(Smol and Douglas, 1996). While an exhaustive description of the modern work on 
polar diatoms is beyond the scope of this chapter, the reader is referred to Kellogg 
and Kellogg (2002) for an updated taxonomy of the nonmarine diatoms from the 
Antarctic and Subantarctic regions. Reviews of psychrophilic diatoms and their 
mechanisms for survival in cold environments have more recently been given by 
Spaulding and McKnight (1999) and Mock and lunge (2007). 

5. 2.1. 2 Snow Algae 

Several species of eukaryotic microalgae have adapted to growth at low tempera- 
ture and thrive in melting snow and can color the snow pink, red, green, or yellow 
(Hoham, 1975). Chlamydomonas nivalis is the most common species of the snow 
algae. Other algae that grow on snow include species of the genera Ankistrodesmus, 
Chloromonas, and Raphidonema. C. nivalis is a green alga that grows actively as 
the snow melts during the spring and summer and sunlight penetrates the snow pack. 
Although the vegetative cells of C. nivalis are green, it has bright red spores. Their 
presence in large numbers produces large expanses of red “watermelon snow.” The 
complex life cycle of the snow algae in which the vegetative cells, sexual stage, and 
spores alternate have been described by Hoham and Ling (2000). Figure 5.1a shows a 
snowbank in the Kolyma Lowlands of North Siberia with red patches produced by the 
spores (Figure 5.1b) of C. nivalis. Experiments for the determination of UV tolerance 
have showed that among the eukaryotic phototrophs the green snow algae C. nivalis 
was resistant to high levels of UV radiation (UV-A, 365 nm, and UV-C, 254 nm) due 
to the production of flavonoids as an antioxidant and by the accumulation of astaxan- 
thin esterified with fatty acids (Duval et ak, 2000; Hoham and Ling, 2000). 
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(b) 



FIGURE 5.1 (See color insert following page 276 .) (a) C. nivalis on a snowbank in the 

Kolyma Lowlands, North Siberia, (b) Photomicrograph of red spores of C. nivalis. 



5. 2.1. 3 Prokaryotic Photosynthetic Microorganisms 

Cyanobacteria are the dominant photosynthetic prokaryotes of the polar regions. 
While they are rare or absent in the marine environment of the Arctic and the 
Antarctic, they are found in all the freshwater environments of Antarctica (Seckbach 
and Oren, 2007). Oscillatorian cyanobacteria are the dominant forms in the benthic 
mats of polar freshwater ecosystems. The cyanobacteria of the polar regions often 
contain high levels of canthaxanthin, myxoxanthophyll, and other carotenoids with 
the ratio carotenoids/chlorophyll a being maximal under low temperatures, high 
light regimes, and moderate UV radiation (Vincent, 2000). All of the species of 
cyanobacteria that have been isolated from the polar regions are psychrotolerant 
rather than truly psychrophilic (Nadeau and Castenholz, 2000). And conversely, the 
polar eukaryotic algae, especially the diatoms and the green algae, that grow at sub- 
zero temperatures, are psychrophiles. 
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5.2.1 .4 Bioremediation by Diatoms and Cyanobacteria 

Although diatoms and cyanobacteria are the major phototrophic eukaryotic micro- 
organisms in the polar environments, they have not yet found extensive applica- 
tions in bioremediation. Some species of planktonic and benthic diatoms concentrate 
heavy metals and radioisotopes by nonspecific bioaccumulation and other processes. 
(Absil and van Scheppingen, 1996). Adam and Garnier-Laplace (2003) carried 
out laboratory experiments to assess the uptake of several radioisotopes ("°Ag, 
'’“Co, ^^’Cs, and ^'*Mn) by the diatom Cyclotella meneghiana and the chlorophyte 
Scenedesmus obliquus. Some species of diatoms and oscillatorian cyanobacteria 
have been shown to be able to partially oxidize hydrocarbons, such as naphthalene 
and biphenyl, when grown phototrophically (Cerniglia et ak, 1979). Phenanthrene 
is widely distributed in the environment and it is widely used as a model for carci- 
nogenic, polycyclic aromatic hydrocarbons (Biicker et ah, 1979). Narro et al. (1992) 
reported that the marine cyanobacterium Agmenellum quadruplicatum PR-6 could 
oxidize and metabolize the tricyclic aromatic hydrocarbon phenanthrene. Cavanaugh 
et al. (1998) isolated marine bacteria from the sands of the Vestfold Hills, East 
Antarctica that were able to degrade phenanthrene. The diatom Achnanthes minutis- 
sima and the cyanobacterium Phormidium foveolatum were capable of degradation 
of naphthenic hydrocarbons (Antic et al., 2006). The marine diatom Skeletonema 
costatum has been found to have selected detoxification and enzymatic responses to 
2,4-dichlorophenol (2,4-DCP). The 2,4-DCP was readily metabolized, but the bioac- 
cumulation and adsorption was negligible (Yang et al., 2002). Cold-adapted plank- 
tonic and benthic diatoms and other microalgae may find important applications in 
bioremediation strategies for the bioaccumulation and the removal of some recalci- 
trant hydrocarbons, heavy metals and radioisotopes from polar environments. 



5.2.2 Psychrophilic and Psychrotolerant Anaerobic 
Chemolithotrophic Autotrophs 

5. 2. 2.1 Methanogens 

Psychrotolerant methanogens from polar peat bogs have been known for a relatively 
long time. In the last 15 years many true psychrophilic species of methanogenic 
archaea were reported. The most studied species, Methanogenium frigidum, was 
isolated from an anaerobic water sample at the hypolimnion level in the perenni- 
ally cold Ace Lake, in Vestfold Hills, Antarctica (Franzmann et al., 1997). It is the 
first described psychrophilic methanogen with lithoautotrophic metabolism: the best 
growth was observed on Hj-eCOj. However, the addition of yeast extract signifi- 
cantly stimulated growth. The cells tolerated 10% salinity and were neutrophilic. 
This species grew optimally at 15°C and did not grow at 18°C-20°C. Another psy- 
chrophile, Methanolobus psychrophilus, has been described but is not yet validated. 
It also showed an optimal growth at 15°C (Zhang et al., 2008). This study indicates 
that psychrophilic methanogenesis in the Zoige wetland is more likely to be methy- 
lotrophic, rather than hydrogenotrophic, and plays a significant role in the methane 
emission of the wetlands. Since methane is a very important greenhouse gas, this 
research is also relevant to global warming studies. 
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The psychrotolerant methanogen, Methanosarcina lacustris, was isolated from 
anoxic lake sediments in Switzerland (Simankova et al., 2004). The organism uti- 
lized methanol, mono-, di-, trimethylamine and H 2 /CO 2 with methane production, 
and grew at 1°C-35°C with an optimal growth at 25°C. Another psychrotolerant 
methanogen Methanogenium marinum AK-1 grows at 5°C-25°C and was iso- 
lated from cold marine sediments at Skan Bay, Alaska (Chong et ah, 2002). The 
cells of this species grow on H 2 -I-CO 2 or formate -I- COj at pH 6. 0-6. 6 and salinity 
0.25-1.25 M. 

The isolation of methanogens in enrichment culture from acidic peat bog was 
reported (Brauer et ah, 2006). Another work (Nozhevnikova et al., 2003) proved 
the existence of psychrophilic methanogenic communities in sediments of deep 
lakes with low temperatures (4°C-5°C). It was shown that hydrogen-amended 
cultures had the highest methane production rates at 6°C. The investigations of 
methanogens in polar environments are also of utmost interest to Astrobiology. 
Morozova et al. (2006) carried out experiments that demonstrated the survival of 
methanogenic archaea from Siberian permafrost under simulated Martian thermal 
conditions. 

The study of biodiversity of methanogens and other Archaea in the permanently 
frozen Lake Fryxell in Antarctica has also been performed (Karr et al., 2006). The 
phylogenetic analysis of the 16S rRNA gene sequences obtained showed that at least 
four clusters of Archaea inhabited Lake Fryxell — three clusters of Euryarchaeota 
and one cluster of Crenarchaeota. Within the Euryarchaeota, at least two clusters 
of methanogens were detected. Some phylotypes were closely related to 16S rRNA 
gene sequences from Methanosarcina species. The presence of Methanosarcina-liks 
methanogens in Lake Eryxell sediments has been confirmed by the isolation of strain 
ERX-1, a methylotrophic Methanosarcina species growing at 5°C (Singh et al., 2005). 
The other phylotypes of methanogens in Lake Eryxell sediments clustered with the 
species of Methanoculleus. Unlike Methanosarcina, no cultures of Methanoculleus 
species have been obtained from Lake Eryxell; however, a Methanoculleus-liks 16S 
rRNA gene was previously detected in a molecular diversity study of the cyanobac- 
terial mats that develop in the peripheral melt waters of this lake (Brambilla et al., 
2001; Taton et al., 2003). 

5. 2. 2. 2 Acetogens 

The first report of a psychrophilic homoacetogenic bacteria was Acetobacterium 
carbinolicum strain HP4, which was isolated by Bak in 1988 (Conrad et al., 
1989). As it was shown later that strain HP4 was phylogenetically identified as 
A. carbinolicum, the species that was previously described by Eichler and Schink 
(1984). This strain had a growth range of 1°C-25°C. 

Chronologically, the next three homoacetogenic isolates were described as the 
new psychrophilic species Acetobacterium bakii, A. paludosum, and A. fimetarium 
(Kotsyurbenko et al., 1995). Another psychrotolerant homoacetogen A. tundrae was 
isolated from the tundra wetland soil sample collected in polar Ural (Simankova et 
al., 2000). However, all of these species were able to grow at 30°C or 35°C with an 
optimal growth at 20°C-30°C, indicating they are psychrotiolerant microorganisms 
rather than true psychrophiles. 




Psychrophilic and Psychrotolerant Microbial Extremophiles 



123 



New subspecies kysingense of the species A. carbinolicum strain SyrA5 was 
isolated from anaerobic sediments of brackish fjord (Paarup et ah, 2005). This 
isolate was also psychrotolerant and was able to grow lithotrophically on Hj+COj 
and also on CO. 

Two strains of acetogenic bacteria LSI and LS2 were isolated from superhcial 
sediments of the permanently ice-covered, meromictic Lake Fryxell in McMurdo 
Dry Valleys, Antarctica (Sattley and Madigan, 2007). It was shown that these iso- 
lates represent the hrst acetogens able to grow at subzero temperatures, but their 
range of growth -2.5°C to 25°C exceeds the upper limit (20°C) for psychrophiles in 
accordance with the definition provided by Morita (1975). 

The homoacetogenic bacteria are competing with methanogens and sulfate- 
reducing bacteria for hydrogen and other inorganic and organic substrates within 
oligotrophic polar environments. It was shown that at low temperatures homoac- 
etogenic bacteria had signihcantly predominant activity, compared to methanogens 
and sulfate-reducing bacteria (Simankova et ah, 2000; Kotsyrbenko et ah, 2001; 
Nozhevnikova et ah, 2001). 

Gaidos et al. (2008) studied the microbial diversity of one of Iceland’s volcanic 
subglacial lakes, and they made an unsuccessful attempt to isolate a new psychro- 
philic acetogenic strain found there, the phylotype of which belongs to the genus 
Acetobacterium. 

Here, we are reporting two strains (str. A7AC-96m and str. A7AC-DS7) of truly 
psychrophilic homoacetogenic bacteria that were isolated from water and sediment 
samples collected from the 96 m region of the deep anoxic trough of Lake Untersee 
in Antarctica. Both of these strains have a maximum temperature for growth at 14°C 
and are able to grow on Hj-eCOj. 

5.3 DECOMPOSERS OF ORGANIC MATTER 
IN POLAR ENVIRONMENTS 

All microorganisms that participate in the process of decomposition of organic 
matter in polar environments are chemo-organotrophs. Some of the best-studied 
systems of decomposers of organic matter in polar environments are those of the 
psychrophilic and psychrotolerant microorganisms that inhabit the peat bogs and 
permafrost soils of Alaska, Canada, North-Eastern Europe, Patagonia, and Siberia. 
Many species of bacteria and archaea were described and characterized. It is noted 
that the halo-alkaline lakes on Earth have not previously been investigated for the 
presence of psychrophiles. All reported studies of the halo-alkaline lakes in Siberia 
(Russia) and Canada were limited exclusively to mesophilic microorganisms. 
Perhaps this was because of the lack of specific equipment and techniques required 
for the isolation of true psychrophiles, or specific condifions for the storage or the 
transport of samples (extreme sensitivity of psychrophilic microorganisms to warm 
temperatures). 

During the past decade, many new marine psychrophiles, representing several 
separate new genera and species, have been isolated from cold deep sea samples 
and described (Bowman et ah, 1997; Mountfort et ah, 1998; Okamoto et al., 2001; 
Romanenko et al., 2002). Many of them were called “halophiles” in the original 
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articles, but this is not entirely accurate. A more appropriate term for these micro- 
organisms would be “marine and halotolerant psychrophiles” since their salinity 
optima occur at 3% NaCl (w/v) and 12%-15% salinity was the maximum limit for 
the growth of these isolates. True halophiles inhabit brines with salt content as high 
as 10 times (30% NaCl) the salinity of ordinary seawater. Apart from the green algae 
Dunaliella salina, almost all halophiles are archaea. 

The lowest temperature for growth (-2°C) in marine polar ecosystems is recorded 
for the sulfate-reducing bacteria, which were true psychrophiles and did not grow at 
room temperature (Knoblauch et ah, 1999). The study of the diversity and distribu- 
tion of sulfate-reducing bacteria in permanently frozen Lake Fryxell in Antarctica 
had showed that at least four of the six major phylogenetic groups of sulfate-re- 
ducing bacteria (Desulfovibrio, Desulfosarcina, Desulfotomaculum, Desulfobulbus, 
Desulfobacter, and Desulfobacterium) were present in the lake (Karr et al., 2005). 
All these cultures should be active at 4°C that means they have psychrophilic or 
psychro tolerant physiology. 

For halo-alkaliphilic species the in situ observations at temperatures as low 
as -20°C have been previously reported (Staley and Gosink, 1999). Pure cultures 
of halophilic psychrophiles with an optimum salinity of 20% have not yet been 
obtained. Psychrobacter cryohalolentis 274-4^ growing at -10°C and 10% salinity 
was described by Bakermans et al. (2006). This bacterium is not a true psychro- 
phile but rather psychrotolerant and was isolated from the permafrost of the Kolyma 
Lowlands in North Siberia. The same species was found in the ice-covered Lake 
Fryxell of the Taylor Valley of Antarctica (Ryan et al., 2007). 

In cold peat bogs of the polar regions, psychrophilic and psychrotolerant 
organoheterotrophic microbial communities developed the tolerance to high con- 
centrations of organic acids, accumulated as a result of the enormous activity of 
primary decomposers at the aerobic and anaerobic levels. The only explanation for 
this phenomenon is the predominance of the activity of the primary decomposers 
over the secondary ones. Perhaps during the process of sharp climatic changes, 
bacterial communities did not have time to increase the metabolic activity for the 
secondary decomposers that originally were mesophiles and had to mineralize the 
organic matter within the community at much higher temperatures. The high con- 
centration of organic acids that decrease the pH to 4-5 could also be explained 
by the high metabolic acitivity of acetogens. Fungi are responsible for the aerobic 
decomposition of organic matter in such ecosystems, and it is well known that 
they are tolerant to moderately low pH. Hughes and Bridge (2009) have reviewed 
the role of Antarctic fungi and yeasts in the bioremediation of hydrocarbons in 
Antarctica. 

Franzmann et al. (1987) investigated the limnology and the microbiology of 
Organic Lake, a shallow, hypersaline (130-180 g salt L~0 meromictic lake in the 
Vestfold Hills of Eastern Antarctica. The anoxic zone of Organic Lake has the high- 
est concentration (up to 300 ng L~0 of dimethyl sulhde (DMS) recorded in a natu- 
ral aquatic ecosystem. The species diversity of Organic Lake is very low, primarily 
consisting of halophilic microalgae Dunaliella sp. and archaea. They reported the 
isolation of a strain of the archaea Halomonas sp. that was capable of producing 
DMS from sulfur-bearing amino acids. In addition to species of the Dunaliella, 
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Roberts et al. (1993) reported the detection of the diatom Chaetoceros sp. and the 
choanoflagellate Acanthaoecopsis unguiculata and strains of Halomonas sp. that 
produced dimethyldisulfide (DMDS) from methionine and cysteine. They concluded 
that the reduced sulphur volatiles in the lake were primarily produced by the anaero- 
bic breakdown of algae by bacterial decomposition. Ward and Priscu (1997) reported 
the detection of denitrifying bacteria in an ice-covered Antarctic Lake. Glatz et al. 
(2006) investigated the microbial diversity in the water column of permanently ice- 
covered Lake Bonney, Antarctica. Voytek et al. (1998) used immunofluorescence, 
in situ hybridization, and PCR analysis to determine the abundance of ammonia- 
oxidizing bacteria in this lake. The denitrification of the hypolimnion and the bacte- 
rial productivity in the anoxic zone of Lake Bonney was described by Ward et al. 
(2003, 2005). 

Bowman et al. (2001) obtained 16S rDNA clone libraries and studied the diver- 
sity of the bacteria and archaea of the anoxic sediments of meromictic lakes and 
coastal marine basins. They found little similarity between the phylotypes of the 
meromictic lake ecosystem with the phylotypes present in marine sediments and 
reported the detection of a wall-less Antarctic spirochaetes. Milucki and Priscu 
(2007) investigated the diversity of bacteria in Blood Falls, an iron-rich ancient 
subglacial marine brine released beneath the Taylor Glacier in Antarctica. The 
dominant bacterium in the 16 S rRNA gene clone library of phylotypes from this 
unusual polar ecosystem had 99% homology with Thiomicrospira arctica, a psy- 
chrophilic autotrophic sulfur oxidizer. Their clone library also indicated the pres- 
ence of phylotypes of the division Bacteroidetes and classes a-proteobacteria, 
P-proteobacteria, and y-proteobacteria. The glacier hydrology, lithology and pregla- 
cial ecosystem apparently controlled the metabolism and phylogenetic structure of 
this subglacial ecosystem, with the growth supported by the chemical energy of 
the reduced sulfur and iron compounds. Perreault et al. (2008) concluded that sul- 
fur compounds were the major energy source for the ecosystem of the perennially 
cold saline springs at Gypsum Hill and Colour Peak on Axel Heiberg Island in the 
Canadian High Arctic. 

The first moderately acidophilic true psychrophiles were isolated from tundra 
permafrost soils (Dedysh et al., 2000). All three methanotrophic species of the genus 
Methylocella tolerate acidic pH at 4.5 and grow in the temperature regime of psy- 
chrophiles (Dunfield et al., 2003; Dedysh et al., 2004). 

Many alkalitolerant psychrophilic or psychrotolerant bacterial species have been 
described, but none of them were truly alkaliphilic. The study of the unique new 
ecosystem in Ikka Fjord, Greenland, led to the isolation of the first true alkaliphilic 
psychrophilic bacterium Rhodonellum psychrophilum GCM7H. This novel strictly 
aerobic and red pigmented bacterium was isolated from the interior seep water in 
alkaline ikaite tufa columns (Schmidt et al., 2006a,b). It was found to be very distant 
from all known species, and it is located on a new separate taxonomic lineage on 
the genus and species levels. This isolate has an optimal growth at pH 9.2-10.5°C, 
and 0.6% NaCl. The maximum pH for its growth was determined at 10.7 and the 
minimum temperature for growth at 0°C. The same group (Schmidt et al., 2007) 
recently described a new genus and species of marine psychrophilic alkaliphile — 
Arsukibacterium ikkense GCM72L These two new “champion extremophiles” with 
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growth at high pH and low temperature (R. psychrophilum and A. ikkense) are shown 
in the updated pH/temperature and NaCl/temperature diagrams. 

5.4 EXTREMOPHILES WITHIN PHYSICOCHEMICAL MATRIX 

The distribution of validly published species of extremophiles was previously 
presented by us in a matrix form (Pikuta et al., 2007). These diagrams have been 
updated in accordance with recent discoveries and are presented here as the matrix 
of pH/temperature (Figure 5.2a), pH/salinity (Figure 5.2b), and temperature/radia- 
tion (Figure 5.2c). According to these diagrams, the prokaryotic extremophile that 
grows at the lowest temperature (-10°C) and 10% salinity currently known is the 
psychrotolerant mesophilic species P. cryohalolentis, which was isolated from the 
permafrost of the Kolyma Lowlands of North Siberia (Bakermans et al., 2006). 
Psychrobacter submarinus is the most halotolerant true psychrophile growing 
around 15% salinity (Romanenko et al., 2002). The true halophilic species within 
psychrophiles remain undiscovered. Methanotrophic psychrophilic species of the 
genus Methylocella tolerate acidic pH at 4.5, but the mesophilic species Acidiphilum 
acidophilum tolerates pH 1.5 at 15°C (the minimum temperature for growth). True 
psychrophilic acidophiles are unknown or, most probably, do not exist at all. The 
alkaliphilic psychrophiles, Rhodonellum psychrophillum and A. ikkense, are the 
“champions” growing at pH 10.5. We now know that the mesophilies (rather than 
psychrophilic or psychrotolerant species) have the highest environmental limits for 
salinity and pH (Figure 5.2a and b). 

There are very few known psychrophilic bacteria or archaea that tolerate high 
levels of gamma radiation (Figure 5.2c). Callegan et al. (2008) described four new 
species of true psychrophiles of the genus Deinococcus isolated from soil of high 
alpine environments. However, these species were not as resistant to radiation as the 
type species of this genus D. radiodurans. 

In terms of either biomass or the number of cells, the majority of the psychro- 
philes on Earth are the barophilic bacteria and archaea that inhabit the deeper layers 
of the oceans, which cover almost 75% of the surface of our planet. 

We would like to highlight that currently among psychrophilic bacteria only 
neutrophilic, alkaliphilic, and halotolerant species have been found. The absence of 
acidophilic psychrophiles remains intriguing. From the cold acidic (pH 1-2) envi- 
ronments the only known acidophiles that have been described are psychrotolerant 
mesophiles. The true psychrophilic moderate acidophiles, such as species of the 
genus Methylocella, tolerate only pH 4.5-5. This leads to questions: Does Nature 
keep a restriction on the combination of the genes for psychrophily and acidoph- 
ily? If so — Why? Was it because low-temperature and acidic environments have not 
coexisted on Earth long enough for evolutionary processes to adjust the genome 
for supporting life? Or is it because microorganisms capable of inhabiting such 
environments are extinct or have not yet been discovered? The most likely places to 
search for such ecosystems are acidic veins in glacial ice (Price, 2000) and beneath 
glaciers on volcanic peaks, such as Mt. Erebus in Antarctica. Another, intriguing 
question: Is it possible to create such combination of genes artificially in the labo- 
ratory! Investigations in the near future may possibly answer these questions. 
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FIGURE 5.2 Diagram of all known validated microorganisms distributed within (a) matrix 
pH/temperature (* indicates species of five genera of psychrophilic sulfate-reducing bacteria); 
(b) NaCl — salinity/temperature; and (c) matrix temperature/gamma radiation. 
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5.5 ANAEROBIC EXTREMOPHILES FROM POLAR EXPEDITIONS 

During the past decade, the NASA/MSFC/NSSTC Astrohiology group organized 
field expeditions to obtain samples of anaerobic extremophiles from several polar 
and subpolar regions of Earth. These included expeditions to 

Matanuska Glacier and Fox Permafrost Tunnel, Alaska (1998, 1999, 2008) 
Kolyma Lowlands of North Siberia — International Expedition Beringia 
(1999) 

Patriot Hills, Thiel Mountains, and South Pole, Antarctica — Antarctica 2000 
Expedition 

Patagonia, Chile — Antarctica 2000 Expedition 

South Africa; Schirmacher Oasis, Lake Untersee, and Anuchin Glacier, 
Antarctica — 2008 International Schirmacher Oasis/Lake Untersee, 
Antarctica Expeditions 

A number of anaerobic bacteria were isolated and characterized from samples 
obtained during these field expeditions. We review a few interesting microbial extre- 
mophiles isolated from these samples. 

5.5.1 Novel Psychrotolerant Extremophiles erom 
Expeditions to Alaska 

5.5.1 .1 Pleistocene Bacterium from Fox Permafrost Tunnel 

The study of permafrost samples from Alaska led to the discovery of the psychrotol- 
erant Carnobacterium pleistocenium FTRF. This unique microorganism was alive 
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after remaining frozen for 32,000 years in the ice of a Pleistocene Thermokarst Pond 
of the Cold Regions Research and Engineering Laboratory (CRREL) Permafrost 
Tunnel at Pox, Alaska. 

The first study of the geology of the Fox Tunnel was performed by Sellman (1967). 
Accurate measurement of the ages of the strata in the Fox Tunnel were received by 
radiocarbon dating of wood from the tunnel using the high-sensitivity liquid scintil- 
lation counting method (Long and Pewe, 1996). The paleoecology and the distribu- 
tion of the taxa of all found fossils of flora and fauna in the Fox Permafrost Tunnel 
were described in detail by Hamilton et al. (1988). A diagram of the geological cross 
section is shown in Figure 5.3. 

This facultatively anaerobic fermenting bacterium was described as a separate 
new species since it was different from known species both on genetic and phenotypic 
levels (Pikuta et ah, 2005). Like most other species of the genus Carnobacterium, the 
new strain FTRF showed psychrotolerant physiology and demonstrated the ability 
to grow at 0°C (Figure 5.4a and b). It was neutrophilic (optimum growth at pH 7) and 
had an alkalitolerant nature (growth observed at a pH 9.5). The optimum tempera- 
ture for growth was 24°C (maximum 28°C). The NaCl range for growth was 0%-5% 
(w/v), the optimal concentration of NaCl was 0.5%. The chemo-organotrophic 
metabolism of this bacterium with ability to utilize sugars and proteolysis products 
is typical for all known species of this genus. The main metabolic end products were 
acetate, ethanol, and CO 2 . This strain was sensitive to all antibiotics tested, which 
confirms its wild origin. 

All known species of the genus Carnobacterium are facultative anaerobes and 
was reported by Franzmann et al. (1991). They are capable of reducing resazurin in 



CRREL Permafrost Tunnel in Fox, Alaska 




B 

Q. 

V 

a 



FIGURE 5.3 Cross-section diagram showing the geology of the Fox Permafrost Tunnel 
with paleontological records. The cross shows the sampling location. 
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FIGURE 5.4 (See color insert for (a) following page 276.) Images of strain FTRF with 
(a) BacLite live/dead stain (Photo by Prof. A.K. Bej, University of Alabama at Birmingham, 
Birmingham, AL.); (b) Hitachi S-4000 held emission scanning electron microscope, scale 
bar is 5 pm. (Photo Courtesy: Gregory A. Jerman and Richard B. Hoover, NASA/Marshall 
Space Flight Center.) 



aerobic media during growth. It is quite possible that in nature these organisms play 
the role of primary agents responsible for changing the redox potential in ecosystems 
by the reduction of the oxygen level and as result create conditions that are suitable 
for the development of obligately anaerobic microorganisms. 

This bacterium is of great importance to both astrobiology and paleontology. It is 
the first validly published species of a living bacterium from the Pleistocene that had 
been cryopreserved in ancient permafrost. It is also important to Astrobiology and 
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cryobiology as it demonstrates potential relevance to water ice-containing bodies of 
our Solar System. The presence of viable microbial cells in ancient ice suggests that 
future space missions may he able to extract ancient cryopreserved and possibly still 
living microorganisms from the surface crusts of icy moons of Jupiter or Saturn or 
the permafrost, craters, or polar ice caps of Mars. 

5. 5.1. 2 Novel Acidophile from Chena Hot Springs 

The obligately acidophilic strain AGC-2^ was isolated in pure culture (Pikuta and 
Hoover, 2004) from the Chena Hot Springs in Alaska. The sample was collected 
from dark-red mud at the bottom of a 0.5 M diameter, 65°C pool near the main 
spring. This mesophilic, spore-forming strain is able to grow on the medium with 
high concentrations of Fe^+ at pH 1. 5-2.0. The taxonomic description of this bacte- 
rium is currently in preparation. 

Morphology of strain AGC-2: Cell sizes are 0.6x 1.2-2.0pm, shape of cells is 
straight or slightly curved rods with rounded ends (Figure 5.5). Cells are Cram- 
positive, motile, endospore-forming with swollen sporangium (only one spore per 
cell), and the spores have a suhterminal location. The cells multiply by binary 
division and occur singly, in pairs, or in short curved chains. 

Physiology of strain AGC-2: Strictly aerobic, obligately acidophilic (no growth 
at pH 4.0), mesophilic with optimum growth at 29°C-32°C. Mixotroph (using CO 2 
and yeast extract for anabolism). No growth on peptone and D-glucose. On agarose 
medium, it grows only with Fe^+ and yeast extract. 

Cell-membrane lipids contain only 2% of the co-alicyclic fatty acids, which are 
typical for species of the genus Alicyclobacillus. The amount of G-eC in genomic 
DNA is 60.7 mol%. Strain AGC-2 was deposited in American Type Culture 
Collection and Japanese Collection of Microorganisms with corresponding num- 
bers ATCC BAA-757^ (=JCM 12177^). The GenBank deposition number for this 
sequence is AF 450135. 




FIGURE 5.5 Cell morphology of strain AGC-2’^. (Photo Courtesy: Gregory A. Jerman, 
James E. Coston and Richard B. Hoover, NASA/Marshall Space Flight Center.) 
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FIGURE 5.6 Phylogenetic tree showing the position of strain AGC-2’^ among closest 
species. 



Phylogenetic analysis of strain AGC-2P The 16S rRNA gene sequence (Figure 5.6) 
showed a position distant from all known species of the genus Alicyclobacillus and 
other species. 

5.5.2 Novel Extremophiles erom Antarctica 2000 Expedition 

5. 5. 2.1 Psychrotolerant Bacteria from Magellanic Penguin 
Colony in Southern Patagonia, Chile 

Another interesting psychrotolerant sugarlytic bacterium was isolated from a sample 
of Magellanic Penguin (Figure 5.7) guano collected from the bottom of a tidal pool 
in Southern Patagonia, Chile. Trichococcus patagoniensis PmagGF has the ability 
to grow at -5°C at both aerobic and anaerobic conditions (Pikuta et ah, 2006). The 
cells of strain PmagGF grown at -5°C have a tendency to excrete a capsule, com- 
posed of a mucopolysaccharide matter, surrounding their cell surface (Figure 5.8). 
This probably allows this microorganism to keep the water in liquid state for meta- 
bolic functions in freezing conditions. Strain PmagGF was a catalase-negative fac- 
ultative anaerobe, with pH range 6.0-10.0, and shows optimum growth at a pH 8.5. 
It did not require NaCl for growth, showed optimum growth at 0.5% NaCl, and 
it could tolerate 6.5% salinity. The temperature range for this organism was -5°C 
to 35°C, and optimum growth was observed at 28°C-30°C. The strain PmagGH 
had heterotrophic metabolism, and could utilize as substrates some sugars and some 
organic acids (pyruvic and citric). The metabolic end products were lactate, formate, 
acetate, ethanol (in cultural liquid), and CO 2 in the gas phase. The strain was sensi- 
tive to all antibiotics checked, indicating the wild origin of this strain. 

During the study it was shown that all species of the genus Trichococcus have 
psychrotolerant physiology with highly stable genomic memory: the sequences of 
16S rRNA gene had very close similarity (up to 100%) by the pair-wise distance. 
This may indicate that the psychrotolerant features of these species evolved to adapt 
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FIGURE 5.7 Magellanic penguins in Patagonia, Chile. 




FIGURE 5.8 Image of strain PmagGF grown at 3°C with (a). DAPI stained cells under a 
Leitz Diaplan epifiuorescent microscope: clumps of cells, single and cells in pairs occur in 
the culture at the end of exponential growth phase. (Photo by Prof. A.K. Bej, University of 
Alabama at Birmingham, Birmingham, AL.) 

to low temperatures a long time ago and are tightly related to conservative genetic 
units (chromosomal DNA). 

The taxonomical description of the proteolytic, spore-forming, psychrotolerant 
bacterial strain PPP2^ that represents a separate new genus and species Proteocatella 
sphenisci was completed recently (Pikuta et al., 2009). The cells were motile rods, 
endospore forming, and gram-positive (Figure 5.9). Strain PPP2^ had the ability to 
grow exclusively on proteolysis products (peptone, casamino acids, yeast extract), 
and oxalate. It was unable to grow on separate amino acids nor perform respiration 
by the Stickland reaction. The main end product of metabolism was acetate; traces 
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FIGURE 5.9 A typical morphology of the cells of strain PPP2’^ grown on sodium oxalate 
(3 g L"')- It is interesting that although the cells look like hexagonal crystals, they were motile 
by peritrichous flagella. 



of CO 2 and Hj were gas minor products. Minimum temperature for growth was 
determined to be 2°C. New isolate was found to belong to Clostridial cluster XI, and 
it had distant position on the level of separate genus and species. 

5. 5. 2. 2 Novel Psychrophilic and Psychrotolerant 
Anaerobes from Patriot Hills, Antarctica 

Strain LL-8 was isolated from the sample collected in the Patriot Hills during the 
Antarctica 2000 Expedition. This strain had features of dimorphic prosthecate type 
bacteria, and it was difficult to cultivate. It slowly grew during 2-3 months at 3°C on 
medium with peptone (3 g L~') and yeast extract (0.1 g L ')• The optical density of the 
grown enrichment culture never exceeded 0.3 absorption at ^=510nm. The transfer 
of a small quantity of the substrates (0.02 g L^') into the medium, which is typical for 
Caulobacter-liks bacteria, did not show the growth of the culture. 

Strain LL-8 had the unusual morphology of straight rods with the tendency 
of rectangular cell division forming orthogonal, acute or obtuse junctions as the 
cells/prosthecae divided (Figure 5.10a and b). Strain LL-8 was spore-forming rods 
with prosthecae extending up to 20-25 |im. Sometimes star-shape “fury balls” with 
sizes 100-200 |im could be observed with many straight long stalks or prosthecae 
(Figure 5.10d). It is interesting that the diameter of the prosthecae varied from 0.2 
to 0.8 |im, and sometimes the thicker prosthecae exhibited a shiny reflective mate- 
rial covering the surface. This shiny reflecting cover was not observed in the thin 
prosthece. Gram-staining of strain PPP2^ cells demonstrated positive reaction. 
Spores were round with diameter twice that of the cells (Figure 5.10c), the sporan- 
gium was not swollen. The morphology of strain LL-8 is unlike that of the known 
described species of the genera Caulobacter, Asticcacaulis, Hyphomicrobium, 
Pedomicrobium, Hyphomonas, or Thiodendron. Sometime the dichotomic devision 
of prosthecae with Y-type bifurcation could be observed during the microscopy of 
strain LL-8 (Figure 5.10c). 
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(c) (d) 

FIGURE 5.10 Electron scan microscopy of strain LL-8: (a) straight and rectangularly 
bended prosthecae; fb) cells and bended prosthecae; (c) spores and prosthecae, on right lower 
corner the Y-type bifurcation of the prostheca is shown; (d) the fragment of “fury ball” rays 
on right lower corner. (Photos Courtesy: Gregory A. Jerman, James E. Coston and Richard B. 
Hoover, NASA/Marshall Space Flight Center.) 

Strain PH-21 was also isolated from the sample collected at the Patriot Hills, 
Antarctica. The morphology and other phenotypic features of this strain were simi- 
lar to strain PmagGH. The only difference was found in the spectrum of substrate 
utilization, as well as slightly smaller sizes of cells. Phylogenetic analysis of strain 
PH-21 showed 100% similarity with the sequence of the strain PmagGF. The 
DNA-DNA-hybridization analysis of these two strains will confirm the taxonomic 
position for strain PH-21. 

5.5.3 2008 Tawani International Antarctica Expeditions 

The 2008 Tawani International Schirmacher Oasis/Lake Untersee, Antarctica 
Expeditions were conducted as a part of the 2008 International Polar Year. The sci- 
entific focus of these two Antarctic expeditions was the investigation of microbial 
extremophiles and the biodiversity of the lakes and ice of the Schirmacher Oasis 
and Lake Untersee. The Reconnaissance Expedition was a brief 10 day mission in 
February, 2008. It was carried out by five members of the international team to the 
Schirmacher Oasis and Lake Untersee, Antarctica (Hoover et al., 2008). A number 



136 



Polar Microbiology 



of anaerobic microbial cultures were obtained. The samples collected were returned 
to the NSSTC Astrobiology Laboratory for studies of the anaerobic extremophiles. 
The samples were distributed to other team members (Asim Bej, Birgit Sattler, and 
Michael Storrie-Lombardi) for the investigations of aerobic microorganisms and 
viruses. The validated bacterium capable of growth at -5°C (T. patagoniensis) that 
was isolated from Magellanic Penguin {Spheniscus magellanicus) guano collected 
during the Antarctica 2000 Expedition led us to investigate the guano samples from 
the African Penguin (Spheniscus demersus), which also resulted in the detection of 
interesting novel psychrotolerant anaerobic bacteria. 

5. 5. 3.1 Psychrotolerant Anaerobes from the African Penguin Guano 

The African Penguin S. demersus is the only species of penguin that breeds around 
the South African coast (Figure 5.11a). The environmental samples of the penguin 
guano were collected from a small tidal pool with the assistance of Park Rangers at 
the Stony Point Nature Reserve, Betty’s Bay, South Africa (S 34° 2T25"; E 18° 28T6")- 




(c) 



FIGURE 5.11 (a) African penguins at Stony Point, Betty’s Bay, South Africa, (b) Cell mor- 

phology of non-spore-forming strain ARHSd-7G; dividing vibrions are shown. Sizes of cells 
are 0.4x 1.2-1. 5 pm. Cells are motile due to polar flagella (not shown). Cells are Gram vari- 
able, anaerobic and catalase negative, (c) Dark-field microscopy of strain ARHSd-9G shows 
specific interference coloration effect caused by material in cell walls. 
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The samples collected had a pH 6.8, salinity 3%, and at the moment of collection 
the water temperature was 15°C. The sample was immediately examined by visible 
light, dark field microscopy and then returned directly to the NSSTC Astrobiology 
Laboratory in Huntsville. Phase Contrast microscopy of the sample at NSSTC 
showed the presence of diverse motile microbial cells (~10'^ cells per ml). From these 
samples, 0.3 ml portions were injected into alkaline (pH 9) anaerobic media with 
1% NaCl; an alkaline (pH 9) anaerobic media with 3% NaCl, and marine anaerobic 
media with pH 7 and 3% NaCl. All tubes were incubated at 3°C for 2 weeks. The 
enrichment cultures were obtained in Hungate tubes containing medium with pH 
7 and 3% NaCl and pH 9 and 1% NaCl. The tube with pH 9 and 3% NaCl did not 
exhibit any growth. 

Strain ARHSd-7G was isolated on marine medium with D-glucose as the sub- 
strate. Cells were motile vibrions with sizes 0.6x 1.2-1. 5 pm (Figure 5.11b). The iso- 
lation of colonies was performed by “roll-tubes” method with 3% agar medium at 
3°C. The strain ARHSd-7G had an optimum growth at 3% NaCl and did not grow 
without NaCl or at 0.1% NaCl. A minimal growth was obtained at 0.5% NaCl. The 
strain ARHSd-7G was determined as highly halotolerant microorganisms, since 
its maximum growth was at 24% NaCl with a long lag-phase around 3 weeks. No 
growth was observed at 24.5% NaCl. Growth occurred within the pH range of 5.2 
to 10.0, and showed optimum growth at pH 8.9. No growth was observed at pH 5.0 
and 10.5. 

The range of temperature for the growth of the new isolate was 3°C-40°C, with 
an optimal growth at 30°C. No growth was observed at 0°C and 45°C. The strain 
ARHSd-7G was able to use as substrates some sugars and several proteolysis prod- 
ucts, but the cultures grown on the proteolysis products were comparatively unstable: 
the lysis of cells occurred much faster than with sugars. It grew on maltose, D-glu- 
cose, D-fructose, sucrose, D-trehalose, D-ribose, D-mannitol, D-cellobiose, peptone, 
yeast extract, casamino acids, triethylamine, and pyruvate. No growth was observed 
on D-arabinose, L-arabinose, D-mannose, lactose, starch, trimethylamine, betaine, 
formate, acetate, lactate, propionate, butyrate, citrate, methanol, ethanol, glycerol, 
and acetone. The new isolate had strictly fermentative metabolism: any acceptors 
of electrons (Fe^+, N 03 ^“, SO/“, S 03 ^“, S®, 820 /“) added to the medium did not 
stimulate growth. The strain ARHSd-7G was unable to reduce sulfur compounds to 
the HjS. 

Preliminary phylogenetic analysis data showed that strain ARHSd-7G belongs 
to the genus Salinivibrio and had the highest similarity (99.1%) with S. costicola. 
DNA-DNA hybridization analysis will be conducted to finalize the taxonomic posi- 
tion of this new isolate. 

Strain ARHSd-9G was obtained from enrichment culture grown on an alka- 
line medium with pH 9 and 1% NaCl on D-glucose as a substrate. Pure culture was 
received from 8th dilution on “roll-tubes” with 3% agar medium. The cell morphol- 
ogy as is shown (Figure 5.11c) exhibits elongated straight or slightly curved rods. 
Cells are motile with peritrichous flagella. The strain is spore forming, and the round 
spores are located terminally. Sizes of cells are 0.4 x 3-5 pm. The strain ARHSd-9G 
is strictly anaerobic, catalase negative, and grows between 3°C and 22°C. 
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5. 5. 3. 2 Microbial Extremophiles from the Schirmacher Oasis, Antarctica 

The Schirmacher Oasis of central Dronning Maud Land, Antarctica is 3 km 
wide, 20 km long, and contains over 150 lakes. Some of the lakes are perenni- 
ally ice covered while others show open water in midsummer. The Russian 
Antarctic Station Novolazarevskaya and the Indian Station Maitri are located in 
the Schirmacher Oasis. The 2008 International Tawani Schirmacher Oasis/Lake 
Untersee Expeditions were designated as official Russian Antarctic Expeditions. 
The team was very grateful for having been granted permission to utilize the 
facilities of the Novolazarevskaya Station. Numerous samples were obtained from 
Lakes Glubokoye, Lake Stantionoye, and the nearby Ice Cave. Samples were also 
collected from Lake Podprudnoye and Lake Priyadarshini. The Indian Antarctic 
Station Maitri is situated on Lake Priyadarshini, which is the largest lake in the 
Schirmacher Oasis. 

5. 5. 3. 2. 1 Bacteria from Lake Zub (Lake Priyadarshini) 

A living sample of green moss with rhizosphere surrounded by soil was collected 
from the shore of Lake Zub (also known as Lake Priyadarshini) and returned to 
NASA/NSSTC in frozen state. This sample gave growth to a rich enrichment cul- 
ture that led to the isolation of two anaerobic psychrotolerant strains LZ-22G and 
LZV-3P. 

Strain LZ-22G grew exclusively on sugars, on neutral medium with pH 7, and 
did not require NaCl for growth. The range of NaCl concentration for growth was 
0%-3% (w/v) and the optimal growth was at 0% NaCl. The new isolate grew between 
3°C and 35°C, no growth was observed at 40°C. After freezing and thawing, the 
strain was still alive. The pH range for the growth of strain LZ-22G was 4.5-9.0, 
and the optimal growth was at pH 9.0. Growth was significantly stimulated by yeast 
extract. This strain is obligately anaerobic and catalase negative. The morphology 
of the cells had distinguishing characteristics: the cells were comparatively large 
(1 pm diameter by 10-15 pm length), and the ends of cells were rounded. The cells 
exhibited gliding motility (Eigure 5.12a). 

The isolation of colonies of strain LZ-22G was done by serial dilution and 
“roll-tube” methods. The colonies grown on 3% agar medium had the following char- 
acteristics: Light cream color, round shape of concave lens middle of colonies had 
denser consistency. The colonies were smooth and shiny with diameter 0.5-4 mm; 
and the older colonies were transparent and surrounded by a shiny circle. 

Strain LZ-22G grew on the following compounds: yeast extract, D-glucose, 
D-fructose, maltose, sucrose, D-trehalose, D-cellobiose, D-ribose, D-cellobiose, lac- 
tose, chitin, pectin, and starch. The best growth was observed on lactose. No growth 
was observed on formate, acetate, pyruvate, lactate, propionate, butyrate, citrate, 
oxalate, methanol, ethanol, glycerol, acetone, betaine, trimethylamine, triethylamine, 
peptone, casamino acids, D-mannose, and D-arabinose. 

Strain LZV-3P was also isolated from the same sample. Cells of this strain had 
vibrion shape and also had large sizes of 0.8 pm in diameter and 3-5 pm in length 
(Eigure 5.12b). The cells were motile and spore forming. Strain LZV-3P had prote- 
olytic fermenting metabolism, and grew exclusively on proteolysis products (peptone. 
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FIGURE 5.12 (a) Cell morphology of strain LZ-22G growing on D-glucose at 3°C. Cells are 

motile due to peretrichous flagella and are spore forming (oval spores are located subtermi- 
nally); (b) proteolytic vibrion cells of strain LZV-3P from the frozen sample of green moss 
with soil around rhizosphere collected on the shore of Lake Priyadarshini {Maitri station) 
Antarctica. 



yeast extract, casamino acids). Sugars did not support the growth of the new isolate. 
The culture had a specific strong smell of decomposing proteins (not hydrogen sul- 
fide, hut decaying meat). This strain grew between 3°C and 22°C. The cells were 
catalase negative and strictly anaerobic and the pH for growth was neutral 7.0-7.5. 
The range of salinity for growth was 0.5%-3% NaCl. 
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5.53.2.2 Bacteria from Ice Sculptures near Lake Podprudnoye 
In the vicinity of Lake Podprudnoye (also known as Proglacial Lake 21), the trans- 
port vehicle encountered a large field of “ice sculptures” formed by the summer 
melt and wind erosion processes (Figure 5.13). These “ice sculptures” contained a 
large number of entrained dark rocks and dust grains. Sunlight penetrates the ice 
and causes localized melting resulting in the formation of liquid water films around 
each of these trapped rocks. These water films provide an ideal environment for the 
growth of photoautotrophic cyanobacteria, bacteria, diatoms, and other algae as well 
as organotrophic bacteria. 

Strain ISLP-3 (Figure 5.14) was isolated from the ice sculpture shown in Figure 
5.13. The frozen sample was slowly melted at 3°C in a sterile flask under a pure 
nitrogen atmosphere. The melted liquid (0.5 ml) was injected into a Hungate tube 
with anaerobic medium and incubated at 3°C for 2-3 weeks. The cell morphology 
of strain ISLP-3 had irregular shape of spore-forming vibrions with partially swol- 
len sporangia and pointed ends. Cells occurred in pairs and were slightly angled. 
Sometimes Y-shape cells were observed. The cells have sizes of 0.5 X 1.2-3 pm. The 
colonies of strain ISLP-3 grown on 3% agar medium had a circular concave shape 
with a diameter of 1-3 mm, and the young colonies were smooth and glossy. The aged 
colonies had a brownish tint, an opaque color, and were not glossy. Strain ISLP-3 
was catalase negative and obligately anaerobic microorganism. This strain is psy- 
chrotolerant and grows at 0°C-40°C. No growth was observed at 45°C. At 0°C, spore 
formation was not observed and the cells did not excrete the mucopolysaccharide 
capsules. Strain ISLP-3 does not require NaCl in the medium and has an optimum 
of growth at 0.1% NaCl. The range of NaCl for growth is 0%-l% (w/v). The range of 
pH for growth occurs between 6.2 and 9.8, with an optimum at 8.5. This strain was 




FIGURE 5.13 “Ice sculpture” near Lake Podprudnoye in Schirmacher Oasis, Antarctica. 
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FIGURE 5.14 Cells of strain ISLP-3 have baseball shape and irregular space configurations 
due to tendency for cells to clump with excreted mucopolysaccharide. 



able to grow on following compounds: triethylamine, chitin, M-acetylglucosamine, 
urea, D-glucose, D-arabinose, D-trehalose, maltose, sucrose, D-ribose, D-mannose, 
lactose, starch, and D-cellobiose. The best growth was observed on D-cellobiose. 
Growth was absent on following substrates: formate, acetate, pyruvate, lactate, 
propionate, butyrate, citrate, oxalate, methanol, ethanol, glycerol, D-mannitol, ace- 
tone, betaine, trimethylamine, peptone, yeast extract, casamino acids, pectin, and 
D-fructose. 

5.5.4 Microbial Extremophiles erom Lake Untersee 

Lake Untersee is a perennially ice covered, ultra-oligotrophic, lake in the Otto-von- 
Gruber-Gehirge (Gruber Mountains) of central Dronning Maud Land. It is 563 m 
above sea level and has a surface area of 11.4km^. It is the largest freshwater lake 
in east Antarctica. It is the only known highly alkaline lake on Earth that is perma- 
nently cold and constantly covered with a glacial ice sheet. It has a low mineralized 
aquatic system with pH 10, so it must have an unusually unstable buffer system 
that has not previously been described. This buffer system, as well as the microbial 
communities that may have adapted to live in it, needs detailed investigation. This 
lake has extreme physicochemical stratification with dramatic changes in pH, sul- 
fides, oxygen content, and temperature as a function of depth in the water column as 
well as the highest methane concentration of any natural ecosystem on Earth (Wand 
et ak, 2006). Although the previous physicochemical data suggested that the Lake 
Untersee methane was biological in origin, the prior researchers had not conducted a 
detailed study on the microbiology of this cold hyperalkaline system. 

While considerable work has been done on extremophiles of the McMurdo 
Dry Valleys, little is known about microbial ecosystems of the Schirmacher Oasis 
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and Lake Untersee. Studies of the cyanobacteria and algal species diversity of 
Antarctic lake environments (Singh and Elster, 2007) and streams in the Oasis have 
been conducted (Gupta et al., 2006), and a novel obligately anaerobic proteolytic 
bacterium Clostridium schirmacherense was isolated from lake sediments (Alam 
et al., 2006). A survey of microorganisms and microbial communities that may 
survive in the cold, hyperalkaline environment of Lake Untersee has never been 
carried out. 

Previous expeditions to Lake Untersee have conducted detailed investigations 
of the water chemistry. Wand et al. (2006) found that the pH was extremely high 
(mean 11.34±0.12) in the near freezing water {T 0.8°C) immediately beneath a 2m 
thick ice-cover. The pH remains high and remarkably uniform between a depth of 
3 and 72 m before dropping dramatically from >10 at 72 m to 7.6 at 75 m. These 
studies suggest the lake contains the two disparate environments characteristic of 
inland soda lakes: an upper layer that is most likely dominated by cyanobacteria 
and other oxygen-generating phototrophs and a lower, anoxic sediment and water 
column producing high levels of methane that probably are the result of a relict 
community of bacteria and archaea. The perennially ice-covered hyper-alkaliphilic 
Lake Untersee in central Dronning Maud Land, East Antarctica was the primary 
target of the Expedition carried out in November-December, 2008. Wand et al. 
(1997) has previously provided data on the physicochemical stratification in Lake 
Untersee. Wand and Perlt (1999) described the “floating boulders” that ride across 
Lake Untersee on the Anuchin Glacier ice sheet. During the 2008 Expedition, Dale 
Andersen and Chris McKay obtained new GPS data on the current positions of these 
“floating boulders” for comparison with Wand’s data. One of the “floating boulders” 
is shown in Figure 5.15. 




FIGURE 5.15 “Floating Boulder” on the ice sheet that covers Lake Untersee. 
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5. 5.4.1 Psychrophilic and Psychrotolerant Anaerobes 
from Lake Untersee 

Lake Untersee was the source of isolation for several novel psychrophilic and psy- 
chrotolerant anaerobes. Two saccharolytic and one proteolytic anaerobic bacterial 
strains growing at 5°C were isolated and purihed. Strain UDS7-G was isolated 
from a sediment sample taken from the deep anoxic trough. This strain grows on 
anaerobic medium with pH 7, 0.5% NaCl, and D-glucose. The cell morphology 
showed straight rods with pointed ends, and the sizes of the cells were 0.7 x 2-3 pm 
(see Figure 5.16a). This bacterium is motile and spore forming, and grows at 
3°C-22°C. 

Another sugarlytic strain UL7-96mG was isolated from 96 m deep water sam- 
ple of Lake Untersee. It had a similar morphology, and the only difference at the 
current stage of investigation is its growth rate; strain UL7-96mG grows signifi- 
cantly faster than strain UDS7-G (see Figure 5.16b). Genetic and physiological 
tests now underway will provide information about the identity of these two 
strains. 

The proteolytic anaerobic bacterium, strain LU-96m7P, was also isolated from 
96m deep water sample of Untersee Lake on a medium with pH 7, 0.5% NaCl, and 
peptone as a substrate. The morphology of this strain shows rod-shaped, motile, 
and spore-forming cells with sizes 0.6 x 3-5 pm. The strain has truly psychrophilic 
physiology: it grows rapidly at 3°C-5°C and does not grow at 22°C. 

Strain A4P-85m was isolated on an anaerobic medium with pH 3.5 and peptone 
3g L k The unusual “Zig-Zag” morphology of this strain is similar to strain LL-8 
from a Patriot Hills sample obtained during the Antarctica 2000 Expedition (Hoover 
and Pikuta, 2004). The growth rate of this strain is much higher than the LL-8 strain 
obtained on that expedition (see Figure 5.17). 




(a) (b) 

FIGURE 5.16 (a) Strain UDS7-G and (b) strain UL7-96mG from the Deep Anoxic Trough 
sediment sample of Lake Untersee. 
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(a) (b) 

FIGURE 5.17 Strain A4P-85m was isolated on an anaerobic medium with pH 3.5 and 
peptone. 

Two homoacetogenic strains A7AC-96tn and A7AC-DS7 were obtained from 
Lake Untersee water samples at 96 m depth (Figure 5.18a) and from the deep anoxic 
trough sediment sample (Figure 5.18b), respectively. Both of these bacteria are motile 
vibrions that grow at 5°C and pH 7. Cell sizes are 0.6-0.7x2.0-4.0pm. Maximum 
of growth (during 1-2 days) was observed at 15°C. No growth was observed at 22°C. 
This indicates the truly psychrophilic nature of these strains. Both strains grew 
lithoautotrophically (during 2 days after inoculation) on H 2 +CO 2 as the only source 
for energy and carbon. 

Another proteolytic strain AP7-90 was obtained from a sample of the water at 
90 m depth at the Lake Untersee Deep Anoxic Trough on an anaerobic medium 
at pH 7 with peptone. The morphology of the cells is long thin or curved hair- 
like rods (Figure 5.19a) (sizes 0.3-0.4X 10-15 pm) with laterally located spores 
(Figure 5.19b). 

5.5.5 Microorganisms In Situ in Ice Bubbles 

One of the most surprising observations made during the 2008 Tawani Expeditions 
to the Schirmacher Oasis and Lake Untersee in Antarctica was the great abun- 
dance of viable bacteria in the ice bubbles. Spectacular “ice-bubble” systems were 
observed throughout the upper layers of the ice sheet covering Lake Glubokoye 
in the Schirmacher Oasis in November, 2008 (Figure 5.20). Similar ice bubble 
assemblages were also found in the Anuchin Glacier and the ice sheet over Lake 
Untersee. Even though the ice-bubble samples appeared completely transparent 
and clear, as soon as the samples were thawed, large numbers of morphologically 
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(b) 



FIGURE 5.18 Anaerobic cultures from Lake Untersee, Antarctica: Psychrophilic homoac- 
etogenic bacteria: (a) strain A7AC-96m and (b) strain A7AC-DS7 growing on Hj+COj at 5°C. 



diverse, motile bacterial cells were observed. Their motility was documented in 
the field using high resolution dark field video photomicroscopy methods. We had 
previously observed motile bacteria in ice bubbles found in the blue ice at the 
Patriot Hills and the Thiel Mountains during the Antarctica 2000 Expedition and 
during field expeditions to Matanuska Glacier of Alaska. The ice bubbles absorb 
solar radiation and melt the ice forming thin films or pockets of liquid water 
trapped within the interior of the ice. Bacteria, cyanobacteria, diatoms, and other 
microorganisms grow within these bubbles and produce metabolic end products 
that generate microniches within the ice (Hoover and Gilichinsky, 2001; Bargagli, 
2005). Unfortunately, this interesting ecosystem has received very little attention 
by microbiologists. 
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FIGURE 5.19 Anaerobic cultures from Lake Untersee, Antarctica: Psychrophilic prote- 
olytic strain AP7-90 growing at pH 7 with peptone. 



The pioneering investigations of viable and entrapped microorganisms in the 
deep ice sheet above Lake Vostok, Antarctica were carried out by Sabit S. Abyzov of 
the Institute of Microbiology of the Russian Academy of Sciences. The research has 
shown that viable microorganisms can remain alive while trapped deep within the 
Antarctic Ice Sheet (Abyzov, 1993; Karl et al., 1999; Siegert et al., 2001). The phy- 
logenetic analysis of 16S rRNA gene sequences and bacterial isolates and amplicons 
obtained from melted ancient (-500 kyr) glacial ice samples and accretion ice above 
Lake Vostok has yielded six different bacterial lines of a-, [3-, and y-proteobacteria 
(Christner, 2002). Recent reviews of the studies of the microorganisms of the ice 
layers above Lake Vostok have been provided (Abyzov et al., 2005, 2006; Bell 
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FIGURE 5.20 Ice bubbles containing entrained rocks and living bacteria in the ice sheet 
overlying Lake Glubokoye in Antarctica. 

et al., 2005). The microorganisms cultivated from these ancient glacial ice samples 
were primarily psychrotolerant mesophiles, with the ability to grow at 4°C but the 
optimal growth occurred above 20°C. However, Bulat et al. (2004) have reported the 
detection of the signatures of thermophilic microorganisms in the ice above Lake 
Vostok. 

The astonishing ability of microorganisms to remain alive for long periods of 
time while trapped in deep layers of the Antarctic ice sheet and to grow actively 
within the ice bubbles is of great significance to astrobiology. Thick ice sheets can 
provide protection from hard vacuum and the radiation environment of space and 
create localized conditions suitable for the needs of the specific microorganisms. 
Consequently, the polar ice caps and permafrost of Mars, the icy cores of comets, 
and the crustal layers of the icy moons of Jupiter and Saturn may comprise appro- 
priate environments for the growth of psychrophilic and psychrotolerant species 
such that they are able to inhabit the polar environments, glaciers and ice sheets of 
planet Earth. 
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5.6 RELEVANCE OF POLAR MICROBIAL 
EXTREMOPHILES TO ASTROBIOLOGY 

Several of the observations made during these expeditions may have relevance to 
Astrobiology. During the 2008 Lake Untersee Expedition, Dale Anderson and Chris 
McKay triggered an “ice geyser” when their drill entered localized pockets of high 
pressure air in the upper layer of the Anuchin Glacier ice sheet covering the surface 
of Lake Untersee. This interesting phenomenon may have relevance to understanding 
the nature of the recently discovered “ice geysers” that erupt from the cracks in “tiger 
stripe” area of Saturn’s moon Enceladus. Ice Bubbles were found throughout the sur- 
face of Lake Untersee and Lake Glubokoye in the Schirmacher Oasis. Motile bacteria 
were observed by high-resolution dark field microscopy at the moment of melting 
of these “ice bubble” samples. The presence of viable bacteria frozen in the ice of 
the Anuchin Glacier at Lake Untersee suggests that it may not be necessary to drill 
through the thick icy crusts to search for life in the seas of the frozen moons of Jupiter 
and Saturn as viable cells might be cryopreseved in the upper layers of the ice crust. 

While it is generally accepted that life on Earth had an endogenous origin, bio- 
markers in some of the most ancient rocks on Earth suggest that the endogenous ori- 
gin hypothesis cannot be logically excluded. The study of psychrophiles may provide 
a means of differentiating these two models. As we previously pointed out (Pikuta et 
al., 2007), psychrophily among biological forms have to be developed after a signifi- 
cant temperature drop on the Earth’s surface. Hence, the phenotypic features of life 
should be reflected at the genotype level with all adaptation changes encoded during 
the later period of the Earth’s evolution — after the appearance of constant polar ice 
caps. If this model is correct, then cold-shock proteins and the other cold-adaptive 
structures and mechanisms for cells should be encoded at the level of plasmids and 
surface genes, which are more recent and unstable genetic units that are more easily 
modified. However, if truly psychrophilic microorganisms originated elsewhere in 
the Cosmos (where the evolution of life experienced different scenarios) and these 
microorganisms were delivered to Earth by comets or meteorites (Hoover and Pikuta, 
2004), then the phenotypes of these microorganisms with psychrophilic features 
should be tightly connected with the most general life processes and structures and 
located deeply in conservative and stable genetic units. As a result, such microorgan- 
isms would appear on separate phylogenetic lineages of genera, families, and higher 
taxa levels. While both types of psychrophilic microorganisms may currently coexist 
in nature, the studies on the isolation of plasmids, expression of genes, etc. may help 
to differentiate between these two hypotheses regarding the origin of life on Earth. 

5.7 SUMMARY 

The microbial extremophiles that inhabit the polar regions of our planet are of tre- 
mendous significance. The psychrophilic and psychrotolerant microorganisms, 
which inhabit all of the cold environments on Earth have important applications to 
Bioremediation, Medicine, Pharmaceuticals, and many other areas of Biotechnology. 
Until recently, most of the research on polar microorganisms was confined to 
studies of polar diatoms, yeast, fungi, and cyanobacteria. However, within the past 
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three decades, extensive studies have been conducted to understand the bacteria and 
archaea that inhabit the Arctic and Antarctic sea-ice, glaciers, ice sheets, permafrost 
and the cryptoendolithic, cryoconite, and ice-bubble environments. These investiga- 
tions have resulted in the discovery of many new genera and species of anaerobic and 
aerobic microbial extremophiles. Exotic enzymes, cold-shock proteins, and pigments 
produced by some of the extremophiles from polar environments have the poten- 
tial to be of great benefit to mankind. Knowledge about microbial life in the polar 
regions is crucial to understanding the limitations and biodiversity of life on Earth 
and may provide valuable clues to the Origin of Life on Earth. The discovery of via- 
ble microorganisms in ancient ice from the Fox Tunnel, Alaska and the deep Vostok 
Ice has shown that microorganisms can remain alive while cryopreserved in ancient 
ice. The psychrophilic, lithoautotrophic homoacetogen isolated from the deep anoxic 
trough of Lake Untersee is an ideal candidate for life that might inhabit comets or the 
polar caps of Mars. The spontaneous release of gas from within the Anuchin Glacier 
above Lake Untersee may provide clues to the ice geysers that erupt from the “tiger 
stripe” regions of Saturn’s moon Enceladus. The methane productivity in the lower 
regimes of Lake Untersee may also provide insights into possible mechanisms for 
the recently discovered methane releases on Mars. Since most of the other water- 
bearing bodies of our Solar system are frozen worlds, microbial extremophiles from 
the polar regions of Earth are of great importance to Astrobiology in understanding 
where and how to search for evidence of life elsewhere in the Cosmos. 
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6.1 INTRODUCTION 

The icy continent of the Southern hemisphere on this planet consists most part 
frozen water and -0.32% ice-free Dry Valleys (Ugolini and Bockheim 2008). The 
explorative nature of humans had encouraged early explorers to sail to this conti- 
nent simply by steam-powered ships and wind. Since then there has been a steady 
increase in the human presence on this continent, as the means of transportation 
by sea and air improved and the capability of carrying larger quantity of supplies 
increased. Historically Australia, France, Argentina, Chile, New Zealand, United 
Kingdom, and Norway have territorial claims; however, currently over 30 countries 
have signed the Antarctic treaty and maintain research stations supporting over 
4000 research and logistics personnel during polar summer months and 1000 sup- 
port personnel during polar winter period. Although the United States has the largest 
operation, they never claimed any territory on the Antarctic continent. Besides the 
scientific activities, the International Association of Antarctic Tour Operators (http:// 
www.iaato.org) reported that in 2007-2008 season over 33,000 tourists landed on 
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this continent either by sea or by air. According to their estimate, the tourism in 
Antarctica has increased almost three times since 2000-2001. To maintain the 
scientific stations supporting the effective science missions and a steady increase in 
the tourism, it is necessary to transport and store adequate volume of fossil fuels (jet 
fuels, diesel fuel, kerosene, and other petroleum hydrocarbon-based fuels) to this 
continent. Moreover transportation within the continent requires the use of either 
land vehicles or fixed- or rotary-winged airplane. Storage and the use of the fuel for 
transportation and maintaining the permanent and temporary research stations and 
tourism would inevitably lead to small or large quantities of fuel spills. One may 
argue that the Antarctic continent is stretched about 14.4 million km^ (5.4 million 
sq mi) and relatively a very small fraction of this vast ice-covered continent has been 
explored and traversed by humans. Moreover, the Antarctic treaty of environmental 
protection mandates that all visitors to the continent avoid oil spill or at least mini- 
mize such events. Although these arguments have some merit, the steady increase in 
the establishment of additional research stations, their extended activities at remote 
locations, and more importantly an unprecedented surge of tourism during the last 
decade have led to more events of oil spills and contamination of the pristine envi- 
ronment affecting the ecosystems and food web starting from the microorganisms to 
mammals, who may not have previously experienced the toxic effects of the petro- 
leum hydrocarbon and other fossil fuels. For example, in 1989, an Argentina sup- 
ply ship with tourists on board spilled over 158,000 gallons of fuel near the U.S. 
Palmer station after running into an underwater reef Although this event did not 
cause major impact to the natural ecosystems in Antarctic continent, a serious con- 
cern has been raised that such accidents could affect the regional food web including 
the birds, mammals, crustacean and other invertebrates, macroalgae, lichens, and 
numerous other microscopic organisms. A containment and cleanup policy for small 
or large oil spills due to the research activities, maintenance of the scientific sta- 
tions, and tourism is an obvious issue that has been discussed (Aislabie et al. 2004). 
Several biodegradative microbial species indigenous to Antarctica have been iso- 
lated, identihed, and shown to possess biodegradative function (Aislabie et al. 2006, 
Leys et al. 2005). Therefore, the use of the natural bioremediation process inherent 
to these biodegradative microorganisms to the cleanup of the spilt oil has been pro- 
posed as a method for cleaning up such oil spills. Unlike a mesophilic environment, 
petroleum hydrocarbons behave differently in a cold temperature environment and 
when trapped on ice. Unfortunately, Antarctica’s relatively low microbial biomass 
and the extreme conditions of polar winter months without sunlight and freezing 
conditions would predict relatively slow or ineffective biodegradative processes. 
Another obvious issue is the microbial adaptation to evolve rapidly and maintain 
optimum biodegradative activity in Antarctic cold and dry environmental conditions 
when confronted with novel hydrocarbon contaminants. Although nonbiodegrada- 
tive microbial adaptation in cold temperature environment in Antarctic continent 
has been described, such adaptive mechanisms are yet to be clearly elucidated in 
biodegradative species isolated from this continent. So far only a few biodegrada- 
tive microorganisms have been subjected to the study of the cold adaptation (Ayub 
et al. 2009, Baraniecki et al. 2002, Kawamoto et al. 2009, Panicker et al. 2002). 
The biodegradative Antarctic bacteria possess enzymes, which are active at low 
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temperature. They help these organisms biodegrade fuels or petroleum hydrocarbons 
and obtain nutrient from surroundings; continue the vital processes of cellular func- 
tion or life, i.e., the replication of DNA, the synthesis of RNA from DNA, and the 
synthesis of proteins; and maintain an optimum cell membrane fluidity. All of these 
capabilities are required for these microbial communities to remain viable and meta- 
bolically active at low temperatures. To sustain life in persistent cold environment, 
these microorganisms produce specific sets of proteins, which are regulated both at 
transcriptional and translational levels that may impart metabolic differences from 
their mesophilic relatives. However many of the microbial species isolated from the 
oil-contaminated soils in Antarctica are also found in mesophilic environments, and 
some of them have helped to advance the study of the mechanisms of the cold adap- 
tation. At present it is useful to assume that the cold adaptive profile of Antarctic 
biodegradative microorganisms could be similar to the mesophilic microorganisms. 
The possible roles of cryoprotectants that are spilt near scientific bases in protect- 
ing the bacterial cells have been elaborated by Aislabie and Foght (Chapter 9). This 
chapter will discuss the physiological and genetic mechanisms of cold adaptations 
in Antarctic microorganisms and their mesophilic relatives that may well apply to 
the Antarctic biodegradative microorganisms. Four classes of proteins for coping 
with the cold temperatures have been described: (1) Csps or cold-shock proteins that 
are expressed immediately after downshift in temperature; (2) Caps or cold accli- 
mation proteins that are expressed during prolonged growth at cold temperatures 
(acclimation); (3) AFP or antifreeze proteins that are expressed to avoid freezing at 
subzero temperatures; and (4) IBP or ice-binding proteins whose exact function is 
still unknown but may act as recrystallization inhibitors to protect membranes in 
the frozen state. Moreover, the maintenance of membrane fluidity in cold adaptive 
bacteria; role of pigments; and extracellular polymeric substance (EPS) secreted by 
Antarctic bacteria in cold adaptation will also be discussed. 

6.2 COLD-SHOCK PROTEINS 

Cold-shock proteins (CSPs) are small (~7kDa), nucleic acid-binding proteins that 
are involved in various cellular processes, mainly transcription and protein folding. 
The functions of CSP have been studied extensively in mesophilic bacteria (e.g., 
Escherichia coli, Bacillus subtilis), but fewer studies been reported for microorgan- 
isms living in cold environment. Nevertheless, the functional analysis of CSP in 
mesophilic bacteria will help in the understanding of the role of CSP in cold-tolerant 
bacteria since a number of these mesophilic bacterial genera have been isolated from 
Antarctica. A well studied and one of the first described examples is the cspA fam- 
ily of genes in E. coli, which consists of nine homologues (cspB to cspi) to the 
major cold-shock protein CspA. CspA, CspB, CspG, and CspI are cold inducible, 
and CspC and CspE are expressed at both high (37°C) and low temperatures, while 
CspD is induced during stationary phase and upon nutrition starvation (Bae et al. 
1999, Yamanaka and Inouye 1997, Yamanaka et al. 1994). CspA is expressed during 
times of temperature decrease from 37°C to 10°C. During the cold-shock response, 
CspA accounts for 10% or more of the total cellular protein. In B. subtilis, three 
proteins homologous to E. coli CspA (CspB, CspC, and CspD) are expressed upon 
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temperature downshift (Ermolenko and Makhatadze 2002). In general, cspA from E. 
coli and other Gram-negative bacteria share an approximately 43% homology with 
the eukaryotic Y-box transcription factors and contain two RNA binding motifs, 
RNP-1 and RNP-2 (Wolffe et al. 1992). The CspA functions as RNA chaperone by 
minimizing the formation of secondary structures on mRNA, and allowing the effi- 
cient translation of proteins necessary for adaptation to cold temperatures and remain 
viable (Bae et al. 2000). The cspA promoter is constitutively expressed at 37°C, 
though its activity is increased following cold shock (Fang et al. 1997). Therefore, 
the regulation of cspA at cold temperatures occurs at the posttranscriptional level by 
stabilizing the cspA transcript. The deletion analysis of genetic components such as 
the AT-rich UP element, downstream box (DB), the cold-shock domain (CS), and 
the 5'-untranslated sequence (5'-UTR) helped to evaluate the role of upstream DNA 
segments necessary for the expression of CspA in E. coli cultures grown at 37°C, 
but stable expression at colder temperatures (Ross et al. 1998). CspA is a 70 amino 
acid residue protein with a molecular weight of 7.4 kDa. The protein consists of five 
antiparallel beta-sheets. 

One of the earliest studies on the cold-shock proteins was done in Antarctic 
psychrotolerant Gram-positive Arthrobacter protophormiae and Gram-negative 
Pseudomonas fluorescens bacteria (Ray et al. 1994). The northern blot hybridization 
study showed a homologue of cspA of E. coli in these bacteria. The transcript size 
of the cspA homologues in these two Antarctic psychrotolerant bacteria was similar 
to E. coli cspA. These two cspA homologues were found to be expressed constitu- 
tively at low levels at 4°C and 22°C. In P. fluorescens, the cspA mRNA was found 
to be cold inducible, i.e., its expression was increased after a temperature downshift 
(22°C-4°C). 

In 1992, there were reports of the occurrence of major cold-shock protein homo- 
logues in Arctic soil organisms. Thirteen common CSPs were found in all Arctic 
Rhizobium, and the 11.1 kDa protein was a major protein expressed after temperature 
downshift (Cloutier et al. 1992). The cold-adapted arctic rhizobia produced more 
CSPs under freezing conditions (-10°C) than temperate rhizobia. The expression 
of CSPs is also been reported in an Arctic psychrophiles Aquaspirillum arcticum. 
Fourteen cold-shock proteins were identified in this bacterium using 0-Farrell two- 
dimensional gel electrophoresis and computing scanning laser densitometry fol- 
lowing exposure to 10°C-0°C, 5°C-0°C, and 10°C-5°C (Roberts and Inniss 1992). 
However, the role of these CSPs in cold adaptation has not been determined. A fam- 
ily of dimeric major cold-shock protein homologs was identified and purified from 
the psychrotolerant B. cereus WSBC 10201 (Mayr et al. 1996). CspA of B. cereus, a 
small polypeptide of 7.5 kDa, was the most abundant of these cold-induced proteins. 
In addition, four small proteins similar in size to CspA were detected on O’Farrell 
two-dimensional protein gels. Further analysis with immunoblotting using B. cereus 
anti-CspA antibodies indicated that the five proteins mentioned above along with 
an additional sixth protein not visible on silver-stained two-dimensional gels are 
members of a B. cereus CSP family. Two low-molecular-mass proteins, designated 
C7.0 and C8.0 are highly expressed at 4°C-10°C in psychrotolerant bacterium, 
P. fragi. Immunoblot analysis exhibited that these proteins were similar to CspA of 
E. coli (Hebraud et al. 1994). A cold-shock protein CS7.4 similar to E. coli CspA and 
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A9 (CS7.4-like protein) was recognized in psychro tolerant bacterium A. globiformis 
SI55 (Berger et al. 1996). Cold-shock proteins were also identified in Psychrobacter 
articus 273-4 from 20,000 to 40,000 year old Siberian permafrost core (Zheng et al. 
2006). Psychrotrophic and pathogenic Yersinia species carry two almost identical 
major cold-shock protein coding regions icspAl and cspA2) located approximately 
300 bp apart from one another (Neuhaus et al. 2000). Four small cold-induced, cold- 
shock bacterial proteins were detected from the Antarctic bacterium Streptomyces 
sp. AA8321 (Kim et al. 2007).The purified cold-shock protein CspA^j from 
Streptomyces sp. AA8321 exists as a homodimer under physiological conditions and 
binds to single-stranded, but not double-stranded, DNA. Cold-shock proteins were 
also reported in psychrotolerant Acinetobacter sp. (Barbaro et al. 2002). The com- 
plete genome sequencing of marine Antarctic bacterium Pseudoalteromonas halo- 
planktis TAC125 revealed that it consists of nine paralogs of cspA gene (Medigue et 
al. 2005). A cold-shock protein A (CspA) involved in cold adaptation at near freez- 
ing temperature was identified in an Antarctic psychrophilic bacterium Colwellia 
sp. NJ341 with the help of two-dimensional gel electrophoresis (2-D) and matrix- 
assisted laser desorption/ionization mass spectrometry (MALDI-TOF MS) analysis 
(Wang et al. 2006). CSPs are also found in low-temperature-adapted Archaea from 
Antarctica. DEAD-box RNA helicase was identified in Methanococcoides burtonii 
(Antarctic methanogen) (Goodchild et al. 2004b, Lim et al. 2000, Saunders et al. 
2003). Cold-shock proteins were also identified in Methanogenium frigidum, which 
was also isolated from Antarctica (Franzmann et al. 1997, Giaquinto et al. 2007). 

6.3 ROLE OF COLD-SHOCK PROTEINS 

The exact role of Csps in Antarctic bacteria is yet to be described. Flowever, since 
the Csps share significant similarity with the Csps from mesophilic bacteria, the 
mechanism of action of this protein in E. coli or B. subtilis could be useful in elu- 
cidating the role of Csps in bacteria from cold environment. It can be predicted that 
in Antarctic biodegradative bacteria in which CspA expression has been identified, 
possibly it binds to the mRNA therefore preventing any secondary structures from 
forming, thus keeping mRNA unfolded permitting the continued expression of essen- 
tial proteins. As a result, CspA in these bacteria has an effect on both the transcrip- 
tion and regulation of mRNA, thereby maintaining essential physiological functions 
at low temperatures in the Antarctic environment. Recent studies have been con- 
ducted to elucidate the specific functions of cold-shock protein A from Streptomyces 
sp. AA8321 (CspAjj). The gene encoding cspA^j was cloned and expressed in 
E. coli. The overexpression of CspA^j in E. coli severely impaired the ability of the 
host cells to form colonies, and the cells developed an elongated morphology. The 
incorporation of a deoxynucleoside analogue, 5-bromo-2'-deoxyuridine, into newly 
synthesized DNA was also drastically diminished in CspAj^-overexpressing cells. 
This result suggests that CspAjj acts as DNA replication inhibitor during cold adap- 
tation (Kim et al. 2007). Although how this helps Antarctic microorganisms in cop- 
ing with the cold temperature environments has not been elucidated, it is possible 
that the transient expression of CspA plays an important role in the regulation of 
DNA replication, which is closely associated with the cell growth and division that is 
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in concert with the reduced metabolism in the oligotrophic Antarctic environment. 
The cessation of cell division results in the elongation of the cells, thereby increasing 
the volume and the surface area for an efficient nutrient uptake, membrane transport 
of solutes, and respiration in a low nutrient environment such as Antarctica until 
more favorable conditions prevail. In contrast, it has been found that various C group 
antibiotics (chloramphenicol, tetracycline, erythromycin, spiramycin, and fusidic 
acid) mimic cold shock at high temperatures in E. coli, suggesting that ribosome 
could be the primary sensor of cold-shock response (Van Bogelen and Neidhardt 
1990). However, the regulation of induction of CS7.4 expression by low levels of 
chloramphenicol was found to be at the transcriptional level (Jiang et al. 1993). 
Based on above hndings and induction of expression of A9 (CS7.4-like protein) at 
25°C by chloramphenicol and the existence of CS7.4-like proteins in thermophilic 
bacilli (Schroder et al. 1993), a more general role of CS7.4-like proteins as a chap- 
erone rather than their sole implication in cold adaptation processes has been sug- 
gested by Berger et al. (1996). Though much study has not been done on the genetics 
and physiology of Archaeal responses to cold temperatures, the structure and func- 
tion study of archaeal Csps from M. frigidum provides some information about the 
role of bacterial Csps in the cold environment. The complementation studies showed 
that archaeal Csp and CSD protein folding in Euryarchaeota (M. frigidum and 
M. burtonii) and Crenarchaeota (uncultured marine picoplankton) functions effec- 
tively to rescue a cold-sensitive growth defect in E. coli (Giaquinto et al. 2007). This 
illustrates that there is a high degree of functional similarity of archaeal Csp and 
CSD folding to their bacterial counterparts and may have evolutionary signihcance. 
The folded Csp and CSD fold proteins have been predicted to have a higher content 
of solvent-exposed basic residues, which are located on the nucleic acid binding sur- 
faces, similar to their arrangement in E. coli CspA, indicating a role in the interac- 
tion of the protein with the nucleic acid. There is an electrostatic interaction between 
positive charges and the negatively charged nucleic acid leading to attraction, and 
the aromatic patches bind and melt nucleic acid secondary structure to facilitate 
transcription and translation at low temperatures (Phadtare et al. 2004). The purihed 
Csp from M. frigidum is a single-domain protein that folds by a reversible two-state 
mechanism and exhibits a low conformational stability typical of cold-adapted pro- 
teins. Moreover, Csps proteins are encoded within a region of archaeal genomes that 
was previously described as a superoperon involved in RNA and protein process- 
ing, and predicted to contain RNA-binding fold, which further supports their role in 
RNA processing in M. burtonii (Goodchild et al. 2004a,b). A summary of the known 
CSPs isolated from microorganisms from cold environment has been elaborated 
in Table 6.1. 

6.4 COLD ACCLIMATION PROTEINS 

The cold acclimation proteins (Caps) seem to form the major component of cold- 
tolerant Antarctic bacteria. The Caps are expressed constitutively at low levels dur- 
ing prolonged or continuous growth at low temperatures. So far, the Caps have been 
identified only in cold-adapted bacteria isolated from cold environments. Twenty 
Caps have been identihed in psychrotrophic bacterium, P. fragi (Hebraud et al. 1994), 
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and 18 caps have been identified in psychrotrophic bacterium A. globiformis SI55 
(Berger et al. 1996). Cold acclimation protein, CapB, was also identified and cloned 
from Pseudomonas sp. 30-3 (Panicker et al. 2002). The Caps were also identified 
in A. arcticum an Arctic psychrophiles along with Csps (Roberts and Inniss 1992). 
So far, only four caps have been sequenced and characterized: capA and capB from 
P.fragi (Michel et al. 1997), capA from A. globiformis (Berger et al. 1996, 1997), and 
the capB from Pseudomonas strain 30-3 (Panicker et al. 2002). 

6.5 ROLE OF COLD ACCLIMATION PROTEINS 

The Caps share 60%-70% homology with CspA amino acid residues and possess the 
conserved RNP-1 and RNP-2 ssDNA or RNA-binding motifs (Figure 6.1). This obser- 
vation suggests that cspA and capB genes may have similar functions in bacterial cul- 
tures following an exposure to cold temperatures as described in the previous section. 
However, the regulatory sequences including the promoter, 5'-UTR, and UP element 
are dissimilar between these two genes (A. Bej, unpublished). The CspA expression 
in E. coli and other mesophilic bacteria upon cold shock seems transient, whereas in 
bacteria inhabiting perennially cold environments including Antarctica the sustained 
expression of CspA or an equivalent protein with the similar RNA destabilization 
function seems to be necessary so that the expression of essential proteins remain in 
place for active growth and metabolism. A summary of the known Caps isolated from 
microorganisms from cold environment has been elaborated in Table 6.1. 

6.6 ANTIFREEZE AND ICE-BINDING PROTEINS 

Antifreeze proteins (AFPs) either prevent ice nucleation or inhibit water mol- 
ecules by attaching to tiny ice crystals so that they cannot form bigger crystals, 
which, once formed, may be detrimental to the living organisms during freez- 
ing conditions. The production of AFPs is one of the most important strategies 
to survive under subzero temperatures by the cold-tolerant Antarctic fishes, 
insects, and plants from freezing environments. Similarly, antifreeze proteins 
are also produced by many bacteria and function as one of their major survival 
strategies. A decade after the first report of the presence of the antifreeze func- 
tions in a group of bacteria (Duman and Olsen 1993), a series of reports are now 
available describing the genetic regulation and the protein structure and function 
of bacteria from cold temperature environments including Antarctica, and these 
bacteria exhibit antifreeze activity. An antifreeze lipoprotein (AFLP) was iden- 
tified in Moraxella sp. from Ross Island of Antarctica (Yamashita et al. 2002). 
Later, 187 bacteria from a- and y-Proteobacteria genera from Vestfold Hills and 
Larsemann Hills of Eastern Antarctica were found to possess the antifreeze activ- 
ity (Gilbert et al. 2004). The first characterized gene encoding antifreeze protein is 
qfpA, which was cloned from P. putida GR12-2 (Arctic Rhizobia) from soil sample 
of Canadian High Arctic (Muryoi et al. 2004). An uncharacterized AFP show- 
ing antifreeze protein was found in Antarctic Marinomonas protea (Berry et al. 
2005). Ice nucleation protein and uncharacterized AFP has been identified in P. 
fluorescens KUAF-68, which was isolated from Antarctica (Kawahara et al. 2004). 
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A hyperactive, Ca^+ dependent antifreeze protein was identified in an Antarctic 
bacterium, Ma. primoryensis. (Gilbert et al. 2005). A novel, intracellular antifreeze 
protein (uncharacterized) was found in an Antarctic bacterium, Flavobacterium 
xanthum (Kawahara et al. 2007). Another class of protein, which binds to ice is 
called ice-binding protein (IBP) and functions as an inhibitor of ice recrystalli- 
zation. IBP was first identified and characterized in Colwellia strain SLW05, an 
Antarctic sea ice bacterium (Raymond et al. 2007). Ice-binding protein was also 
identified in bacterium 3519-10 from Vostok ice core (Raymond et al. 2008). A 
summary of the known AFPs and IBPS isolated from microorganisms from cold 
environment has been elaborated in Table 6.1. Interestingly, almost all the reported 
AFP or IBP have been identified in bacteria isolated from Antarctica. This indi- 
cates that these specific sets of proteins play a major role in cold adaptation at 
subzero temperatures. From the evolution point of view, there is no sequence simi- 
larity in AFPs from different organisms (Chattopadhyay 2007) An Antarctic fish 
AFP appears to have evolved from a pancreatic trypsinogen-like protease (Cheng 
et al. 1999). Some plant AFPs are homologs of plant pathogenesis proteins (Okke 
and Barbaros 2003). It appears that a series of very different proteins have inde- 
pendently evolved to perform a common function (i.e., ice binding) to form AFPs, 
even though they have no sequence similarity (Figure 6.2). Due to the absence 




FIGURE 6.2 Schematic diagram showing the percent identity of ice-binding protein (IBP) 
and antifreeze protein (AFP) from different bacteria, snow mold, and sea diatom with anti- 
freeze protein A (AfpA) from P. putida. The diagram depicts that the AFP and the IBP are 
very diverse proteins, which evolved acquiring similar functions with time but are of dif- 
ferent structures. The percent identity was calculated by aligning the amino acid sequences 
of the proteins (NCBI) using LALIGN software (http://www.ch.embnet.org/software/ 
LALIGN_form.html). The number indicates % identity with number of amino acid overlap 
in parentheses. 
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of a consensus ice-binding domain, PCR-based studies on these proteins became 
unsuccessful. It seems that reverse genetics is the preferable approach for the iden- 
tification of gene sequence of the AFPs. 

6.7 ROLEOF AFPAND IBP 

Thermal hysteresis (TH) is a measure of the antifreeze activity. Thermal hysteresis 
is the difference between melting point and freezing point. When solutes are dis- 
solved in water, it increases the boiling point and lowers the freezing point of water. 
In Antarctica, the seawater consists of sodium chloride and other solutes, which 
lower the freezing point of water from 0°C to -1.9°C. Therefore in order to survive 
in such freezing conditions, the organisms living in water must depress the freezing 
point of either their blood (in case of fish), or their surrounding water (in case of 
bacterium) below -1.9°C to avoid freeze damage. It has been reported that the sol- 
utes present in the blood of fish cannot lower the freezing point by more than 1.4°C. 
It is the presence of these AFPs, which causes further lowering of freezing point to 
0.5°C or more (DeVries Wohlschlag 1969). Depending on the antifreeze activity and 
the concentration of AFP, a single ice crystal with a well-defined shape and size can 
stay in its supercooled solution down to a certain degree below 0°C, while the melt- 
ing point of the ice crystal could not be significantly changed from 0°C. The tem- 
perature difference for such a single crystal to grow and shrink with a rate more than 
0.2|is“i is defined as the thermal hysteresis (Figure 6.3). The mechanism of such 
process is due to the adsorption of AFP molecules on an ice surface inducing a dense 
AFP-water layer, which can significantly decrease the mole fraction of the interfacial 
water and thus, lower the temperature for a seed ice crystal to grow in a supercooled 
AFP solution (Mao and Ba 2006a). In other words, water’s chemical potential in 






(d) (e) (f) 

FIGURE 6.3 (See color insert following page 276.) A sequence of cryomicroscopic 
images (a-f) in a Clifton nanoliter osmometer monitoring the growth of a single ice crystal 
when temperature from -40“C is elevated to just below the freezing point. The effect of the 
antifreeze function of the crude extract of the total cellular protein from a biodegradative 
bacterium P. sp. 30/3 isolated from oil-contaminated soil from Antarctica is shown by the 
growth along the c-axis of a stable hexagonal ice crystal. 
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the interfacial AFP-water layer is lowered due to the significantly increased AFP 
concentration compared with that in the bulk solution, which results in a freezing 
point depression for water in the interfacial AFP-water layer. The temperature has 
to be decreased below the freezing point of water in the interfacial AFP-water layer 
for the AFP-surrounded ice crystal to grow. The AFP molecules can be overgrown 
inside the ice crystal, once the temperature is decreased below the freezing point 
and the ice surface advancing rate is higher than the AFP’s desorption and diffusion 
rate. Thus, in terms of thermodynamics, the unusual phenomenon of AFP’s thermal 
hysteresis and also the nearly unchanged melting point for the ice crystal due to the 
AFP’s ice-surface adsorption was explained by colligative effect mechanism (Mao 
and Ba 2006b). 

6.8 MAINTENANCE OF THE MEMBRANE FLUIDITY 

At low temperatures, the cell membrane fluidity decreases because the lipids found 
in the cell membrane become more rigid, which interfere with the function of the 
membrane and membrane-bound components like pumps and channels (Rodriguez- 
Vargas et al. 2007). In Antarctic environment, it becomes crucial for the bacteria to 
maintain the fluidity of the membrane to survive. The adjustment of cell membrane 
fluidity as a function of temperature change is known as homeoviscous adaptation 
(Sinensky 1974). This occurs to maintain constant membrane fluidity. It has been 
reported that membrane desaturase enzymes, fatty acid, and pigments produced in 
Antarctic bacteria contribute to homeoviscous adaptation (Chattopadhyay 2006). 
The desaturase enzymes are induced at low temperatures, which catalyze the con- 
version of saturated fatty acids into unsaturated fatty acids thereby increasing the 
fluidity of the cell membrane. The increased synthesis of unsaturated fatty acids at 
lower temperature was observed in Antarctic soil bacterium Micrococcus roseus and 
Sphingobacterium antarcticus (Chattopadhyay and Jagannadham, 2001). During 
cold adaptation, the lipid profile of the cell membrane of the bacteria changes. 
Instead of long-chain fatty acids, straight-chain fatty acids and iso-fatty acids, there 
is an increased synthesis of short-chain fatty acids, branched-chain fatty acids, and 
anteiso-fatty acids, respectively, all of which render the membrane more fluid (Suutari 
and Laakso, 1994). Using DNA microarray analysis, it has been observed that there 
is a upregulation of many genes at transcription level, which code for the degrada- 
tion of branched-chain amino acids whenB. subtilis was exposed to low temperature 
(Kaan et al. 2002). In vitro study on the increased amount of hydroxyl fatty acids in 
the lipopolysaccharides from an Antarctic bacterium P. syringae incubated at low 
temperatures with a concomitant increase in the fluidity suggests the role of hydroxyl 
fatty acids in outer membrane fluid state (Kumar et al. 2002). Listeria monocyto- 
genes, a food borne pathogen has the ability to adjust to a wide range of environ- 
mental stresses. When L. monocytogenes is grown at low temperatures, it modifies 
its plasma membrane to maintain its fluidity with an increase in the amount of odd- 
numbered fatty acids and branched-chain fatty acids, a switch from iso to anteiso 
branching patterns, and, later, a shortening of the length of the branched-chain fatty 
acids. The membrane fluidity of L. monocytogenes cold-sensitive mutant (cldl) was 
measured to be less than the membranes of the other strains when grown at 30°C, 
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but when grown at 15°C it was able to adjust its membrane to approach the rigidity of 
the other strains (Najjar et al. 2007). It was found that the time required for various 
Listeria monocytogenes strains to adjust their membrane fluidity were 130-180 s, 
which suggests the multistage adjustment of the cell membrane to temperatures. 

The majority of Antarctic bacterial species are pigmented implying a possible role 
of these pigments in cold adaptation. Most of the pigments are found to be associ- 
ated with the membrane, which indicates their role in the maintenance of membrane 
fluidity (Chattopadhyay 2006). It was found that the major carotenoid pigments bind 
to vesicles, which are made of both synthetic and natural lipids, and make them 
rigid. A polar carotenoid is reported to decrease the membrane fluidity (Subczynski 
et al. 1992). An increased amount of polar carotenoids and a decreased amount of 
nonpolar carotenoids were observed in Antarctic strains Micrococcus roseus and 
Sphingobacterium antarcticus when grown at low temperature (Chattopadhyay 
and Jagannadham 2001). Based on this observation, Chattopadhyay and Jagannadham 
(2001) suggested that the synthesis of membrane-rigidifying polar carotenoids was 
increased to counterbalance the effects of increased synthesis of membrane-fluidizing 
fatty acids in the Antarctic bacteria. In another study, it has been reported that a psy- 
chrotolerant Antarctic seawater bacterium, Shewanella livingstonensis AclO produces 
eicosapentaenoic acid (EPA) as part of the membrane phospholipids when exposed to 
cold temperatures (Kawamoto et al. 2009). The EPA constitutes about 5% of the total 
fatty acids when cultures are grown at 4°C. The genetic components for the EPA have 
been identified {orf2, orf5, orf6, or/7, and orf8), and the deletion of any of these genes 
resulted in a significant growth retardation filamentous cell morphology. The cessation 
of growth was restored by supplementing with the EPA. This suggests that at 4°C the 
absence of EPA causes the defects in cell division. Also culture with it has been shown 
that a number of membrane proteins are affected due to the absence of EPA resulting 
in the overall organization of the cell membrane that is necessary for an effective cell 
division process. Although, it has been established that polyunsaturated fatty acids are 
necessary to increase the fluidity of the hydrophobic segment of the membrane, EPA 
contributes to the membrane organization and cell division at cold temperatures. 

Recently, the role of polyhydroxyalkanoates (PHAs) in the adaptation to cold tem- 
peratures has been elaborated in an Antarctic Pseudomonas sp. 14-3 isolate (Ayub 
et al. 2009). The genes phaRBAC have been identified and a mutation on the phaC 
had caused the depletion in the accumulation of the PHAs in the cell resulting in the 
sensitivity to cultures exposed to cold and freezing temperatures. It has been con- 
cluded that the PHAs are necessary for maintaining a steady membrane redox state 
(NADH/NAD ratio and NADPH content) by activating the oxidative stress system 
in this bacterium at cold temperatures. 

6.9 ROLE OF EXTRAPOLYMERIC SUBSTANCES 

The synthesis of extrapolymeric substances (EPSs) in Antarctic microorganisms 
has been envisaged to be an essential strategy to maintain an ice-free microen- 
vironment in which nutrient acquisition, motility, respiration, and other essen- 
tial cellular metabolic functions are sustained (Shivaji et al. 2004, 2007). Such 
EPS microenvironment harbors living and physiologically “active” microbial 
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(a) (b) 



FIGURE 6.4 (See color insert following page 276 .) Extracellular polymeric substance 
(EPS) produced by Janthinobacterium sp. strain Ant 5-2 isolated from a Proglacial lake P9 
located at the Schirmacher Oasis of East Antarctic Dronning Maud Land: (a) “slimy” EPS 
secreted by Janthinobacterium sp. Ant 5-2 in a stationary culture after 7 days of incubation at 
15°C; (b) microscopic examination of the bacillus Janthinobacterium sp. Ant 5-2 aggregated 
floes of cells stained with Live/Dead SacLight fluorescent staining kit (Molecular Probes) 
embedded in thick EPS moiety. 

consortium; its study is often useful to better understand the microbial interactions 
and biological processes necessary to sustain life by adapting to the Antarctic cold 
and subzero environments (Figure 6.4). The synthesis of EPS by Cyanobacteria 
has been reported on Antarctic giant rocks in Antarctica (De los Rios et al. 2007). 
Also, EPS has been linked to the formation of cyanobacterial mats (Klock et al. 
2007), and the removal of heavy metals from the surrounding waters (Micheletti 
et al. 2008, Paper! et al. 2006). EPS synthesis has also been reported in other 
heterotrophic Antarctic bacterial communities (Shivaji et al. 2007, Nichols et al. 
2005a, b, Mancuso Nichols et al. 2004). Most of these EPSs are acidic heteropoly- 
saccharides with carbohydrate and non-carbohydrate constituents. However the 
homopolysaccharide EPSs constituting of alginate, levan, and cellulose have also 
been reported (Leigh and Coplin, 1992). The qualitative nature of the EPS in 
microbial consortium is normally determined by the enzyme-linked lectinosorbent 
assay (ELLA) using enzyme linked or fluor-conjugated lectins (Klock et al. 2007, 
Leriche et al. 2000, Panicker et al. 2006). The synthesis of EPS often leads to the 
formation of biofilms conforming a microenvironment of microbial consortium 
primarily in Antarctic lakes has been suggested to function to protect heterotrophic 
and autotrophic microorganisms from freeze damage, dehydration and maintain- 
ing basal levels of metabolic activities and categorized as to be one of the methods 
of survival mechanism in sustained cold and subzero temperature environments. A 
list of bacterial EPSs cited in World Wide Web and their nature, biochemistry, and 
role have been listed by Wackett (2009). 



6.10 CONCLUDING REMARKS 

It is apparent that the bacterial cell physiology, metabolism, and the stability of mem- 
brane components undergo adjustments to cope with the temperature fluctuations 
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during the diurnal freeze-thaw cycles during polar summer and persistent freezing 
conditions during winter months. These adjustments have been investigated in com- 
binations or individually in many of the Antarctic microorganisms. The genetic 
regulations for the adaptation in cold temperatures have been elucidated in only a 
few Antarctic biodegradative microorganisms. It is obvious from the reports that in 
order to maintain the cellular functions at cold temperatures, mRNA stability and 
functionality is necessary. At cold temperatures, mRNA tends to form secondary 
structures by complementary base pairing at various segments. Failure to accom- 
plish this could hinder the translation of the necessary proteins for an optimum cel- 
lular metabolism necessary to survive, maintain growth, and division of the cells. 
Studies have implicated a role for the CSPs in destabilizing the secondary structures 
of the mRNA and other RNA enabling cells to engage in an effective expression of 
the necessary proteins and enzymes for continued growth and division. Interestingly, 
the regulatory nucleotide sequences located on the upstream of the ORF of the capB 
(one of the CAPs) have been found to be significantly different from the gene cspA 
that codes for the major cold-shock protein in most masophilic bacteria. The capB 
regulatory sequence in all Antarctic biodegradative Pseudomonas isolates seem to 
be conserved (A. Bej, unpublished). This result suggests that either the strains con- 
sisting of the capB have been selected to persist and function in Antarctic environ- 
ment or been evolved to better cope with the continuous cold temperatures. Whether 
the cspA has been evolved to destabilize RNA in microorganisms inhabiting at cold 
temperatures or had a different physiological role in the cell, and been recruited to 
support survival in cold temperature is still unknown. 

Besides the cellular function, growth, and division at cold temperatures, the 
other scenario for the microorganisms to remain viable in subzero freezing tem- 
peratures and remain viable during repeated freeze-thaw cycles seems crucial. The 
strategies to cope in such conditions could be more profound. There are two situa- 
tions one would assume in this condition: (a) the cessation of cellular metabolism 
and remain in “dormant” state especially during the polar winter until the favorable 
conditions prevail during the polar summer months; and (b) continue to perform 
cellular activities but at a much slower rate (basal level). In addition, it is important 
to protect the cell membrane from damage and cytoplasm to undergo dehydration 
during the formation of ice crystals. The primary focus to better understand the 
adaptive mechanisms in microorganisms inhabiting such environments has been 
to look for the genetic systems that allow the expression of proteins such as AFP, 
IBP, and membrane desaturases at subzero temperatures. The AFP and the IBP 
have justifiably been expressed to protect the cells from damage due to freezing 
and dehydration during the repeated diurnal freeze-thaw cycles that occur or dur- 
ing the polar winter when icy condition persists. Besides the adaptive mechanism 
of being able to maintain the cellular function, one of the most important compo- 
nents that must adjust and remain structurally intact and functionally active is the 
cell membrane. The membrane integrity is maintained by converting the saturated 
fatty acids into the unsaturated fatty acids using desaturase enzymes. Alternatively, 
it has been proposed that bacteria in cold environment form a microenvironment 
within EPS in which nutrient uptake, genetic exchange and chemical signaling 
among organisms, competition, and phage-host interactions continue, but perhaps 
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at a much slower rate. Microbial survival strategies in cold and subzero temperature 
environments seem to be a complex mixture of various cellular functions some of 
which could simply be inherent to the cells and help them to be selected to function 
or further evolved to become successful in polar environment. The study of cold 
temperature adaptation in biodegradative microorganisms in polar environment 
is still in its infancy, and the full extent of the cold-adaptive mechanisms com- 
mon to the extended microbial community of this unique cryosphere has yet to be 
unraveled. 
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7.1 INTRODUCTION 

During the twentieth and twenty-first centuries, human exploration of remote polar 
environments has most often been powered by fossil fuels. When the British Antarctic 
Expedition led by Ernest Shackleton sailed out of London’s East India Dock aboard 
the Nimrod on July 30, 1907, the cargo manifest included an experimental vehicle 
for Antarctic transportation: a brand new Arrol-Johnston motor car (Sipiera 2002). 
The car would prove capable of traveling a maximum of only 8 miles at 3-15 miles 
h“^ across the smooth ice of Cape Royds at the foot of Mt. Erebus. Although the 
harsh freezing conditions and unpredictable terrain common to most of the continent 
rendered the car unusable, the era of hydrocarbon-powered exploration had reached 
Antarctica. 

The use of vehicles and tools requiring hydrocarbon fuels for power and/or lubri- 
cation in the extreme cold of both polar regions makes environmental contamination 
from accidental spillage an ever-present risk (Aislabie et al. 2004). In fact, repeated 
exposure of the fragile environment to the incomplete combustion products of these 
fuels, including a wide variety of polycyclic aromatic hydrocarbons (PAHs), would 
seem to make contamination a statistical certainty. Paradoxiacally, these hydrocar- 
bon products can either serve as a new source of carbon and energy for indigenous 
microorganisms, or behave as lethal toxins or mutagens. The natural bioremedia- 
tion potential of the polar microbial community will be a function of at least four 
variables: 

1. The presence of functional genes coding for enzymes capable of degrading 
an offending contaminant and/or using it as a fuel source. 

2. The diversity of the biodegradation enzymes encoded in the metagenome of 
the multiple species comprising the extended polar microbial community. 

3. The ability of the microbial consortium to transfer the genes that code for 
these enzymes across closely or distantly related species. 

4. The availability of indigenous molecular biological mechanisms to modify 
current enzyme codes to metabolize future novel contaminants. 

The polar ecosystems are geographically well defined and would likely have initially 
supported a relatively small number of microbial species. The combination of limited 
metabolic resources, brief growing seasons, and tight ecological niches provides a 
framework that should reward, across evolutionary timescales efficient sharing of 
information between microbes, produce a gradual increase in microbial diversity, and 
leave a rich genomic record of inter-organismal transfer of genetic information. In 
this chapter, we will discuss the most likely method of information transfer between 
microbes in extreme environments, bacteriophage-mediated horizontal gene transfer, 
and review current evidence for such information transfer in polar bioremediation. 



7.2 HORIZONTAL GENE TRANSFER 

The classical transmission of genetic information occurs vertically from parent to 
offspring within a specific species. Horizontal gene transfer (HGT), also known 
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as lateral gene transfer (LGT), refers to the passage of genetic information from 
one organism to another that may be closely or only distantly related (Johansen and 
Ustaheim 1968, Jain et al. 1999, Ochman et al. 2000, Koonin et al. 2001). HGT, along 
with associated mutations and genome reorganization, is now known to be a ubiqui- 
tous, central survival mechanism capable of producing rapid adaptive responses in 
eukaryotes, prokaryotes, and viruses (Zeph et al. 1988, Medigue et al. 1991, Davison 
1999, Choi and Kim 2007). The impact of HGT first became apparent during the 
genomic analyses of clinically significant pathogenic organisms (Saunders et al. 
2001, Schmidt 2001). Novel epidemics, the appearance of new pathogenic strains 
in nonpathogenic bacteria, and the rapid spread of drug resistance have all been 
attributed to HGT (Dowson et al. 1989, 1990, Jiang and Paul 1998, Jain et al. 1999, 
Koonin et al. 2001). 

7.2.1 Mechanisms 

Prokaryotes have a wide range of mechanisms available for the exchange of genetic 
information including processes such as conjugation, transformation, and transduc- 
tion (Mindlin et al. 2002). However, for organisms inhabiting extreme environments, 
the first two possibilities, conjugation and transformation, are not particularly effi- 
cient methods for information transmission. Conjugation requires direct cell-to-cell 
contact between a donor bacterium harboring fertility plasmids and recipient organ- 
isms expressing the appropriate pilus receptor. Multiple examples of information 
transfer by conjugation have been observed in laboratory settings, but are more dif- 
ficult to document in the field (Dahlberg et al. 1998, Marcinek et al. 1998, Hausner 
and Wuertz 1999). The second mechanism, transformation, involves the uptake of 
free, unprotected genomic material from the local environment. For environments 
exhibiting extremes in pH, temperature, desiccation, and/or ultraviolet (UV) or heavy 
particle ionizing radiation, the survival of naked DNA or RNA polymers would be 
significantly compromised (Pinkhart and Storrie-Lombardi 2007, Storrie-Lombardi 
and Pinkhart 2007). 

7.2.2 Phage-Mediated Transduction 

In extreme environments, the third possibility, transduction, is of considerable 
interest. The process of replicating, modifying, storing, and accessing information 
encoded in either a DNA or RNA format can be readily facilitated by bacteriophages. 
Bacteriophages (phages) are viruses that specifically infect prokaryotes (Bacteria and 
Archaea). Phages are capable of mediating two forms of transduction: generalized 
and specialized (Snyder and Champness 1997). Both lytic and temperate phages (i.e., 
have the ability to integrate into the genetic material of their host) can transfer DNA 
between host cells via generalized transduction. Generalized transduction occurs 
when the phage accidentally packages a piece of the host’s DNA during replication. 

Temperate phages are solely responsible for gene transfer via specialized trans- 
duction. Temperate phages have the ability to establish a “silent infection” with a 
host cell upon integration into the host’s DNA (Ackermann and DuBow 1987). This 
type of virus-host interaction is referred to as lysogeny, the phage genome is termed 
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a prophage upon integration, and the host cell is termed a lysogen. The prophage 
genome is passively propagated along with the host genome across multiple bacterial 
generations. The excision of the prophage genome, followed by active replication 
through the lytic cycle can be triggered either chemically under controlled labora- 
tory conditions (most efficiently with Mitomycin C) or in response to a suite of envi- 
ronmental variables that are poorly understood and are likely environment- specific 
(Williamson et al. 2002, Williamson and Paul 2006). Specialized transduction is 
initiated during an error in the excision process of the prophage genome. Portions 
of the host genome that flank the phage attachment site can become packaged along 
with the phage’s DNA into replicating viral particles and subsequently transferred 
to a new host cell. 

Once the transduced DNA is deposited in a new microbial host cell, homologous 
recombination can occur between the donor and recipient genes if there is a suf- 
ficient degree of similarity between the two. This introduction of new DNA can 
be likened to a genomic search engine capable of producing multiple new pheno- 
types ready to be evaluated for evolutionary fitness in changing environments. Such 
a search mechanism is a fundamental requirement for adaptive evolutionary pro- 
cesses. The transfer of novel genes from one microbial species to another can also 
occur if the packaged DNA is a broad host range plasmid or contains a transposon 
that has the ability to “jump” onto the DNA of the recipient microbe (Snyder and 
Champness 1997). The introduction of novel genes can result in a swift alteration in 
phenotype, providing the recipient host cell with new metabolic capabilities. Given 
the constraints of pH, salinity, and temperature in polar lakes, soils and endolithic 
environments, phage-mediated transduction seems the most likely avenue for rapid 
genetic information transfer between disparate microbial species and the subsequent 
appearance of adaptive diversity. The resilient protein capsids of phages shield nucle- 
otide polymers from degradation, therefore transduced DNA will persist for longer 
periods of time in the environment than naked DNA. 

7.2.3 Frequency 

With the advent of whole genome sequencing, the frequency and impact of HGT on 
the evolution of bacterial genomes is now becoming clear. An analysis of the com- 
plete sequence of Escherichia coli strain MG1655 revealed that 755 of 4288 open 
reading frames (ORFs) (547.8 kb) had been introduced into the genome through a 
series of 234 HGT events, many of which appeared to be phage-mediated, since E. 
coli diverged from the Salmonella linage approximately 100 Myr ago (Lawrence 
and Ochman 1998). Although most of the acquired genes have since been deleted 
or inactivated, persistent functional sequences (accounting for approximately 18% 
of the current genome) code for properties that have permitted E. coli to exploit 
otherwise hostile environments. While the adaptive power of HGT was initially 
demonstrated by the rapid evolution of bacterial pathogenesis, it now seems clear 
that this is only a small example of how phages contribute to the adaptive evolution 
of bacterial genomes (Villarreal 1999, 2005). The generation of microbial diversity 
through the expansion of gene repertoires coupled with the reorganization of host 
chromosomes apparently occurs so frequently that the effects must be considered 




Possible Role of Bacteriophage-Mediated Horizontal Gene Transfer 



183 



when investigating possible evolutionary histories back to the last common ances- 
tor (Mirkin et al. 2003, Nakagawa et al. 2003, Van Sluys et al. 2003). Even though 
determining the exact frequency of HGT is difficult to accomplish, estimates of 
phage-mediated gene transfer were produced for the Tampa Bay estuarine environ- 
ment at -10'"* transduction events per year (Jiang and Paul 1998). Globally, HGT 
may occur in the world’s oceans at the rate of 2x 10'® times s~' (Bushman 2002, 
Canchaya et al. 2003). Whole bacterial genome analyses indicate that approxi- 
mately 16 kb of genomic information is transferred every million years (Lawrence 
and Ochman 1998). 

With the increasing availability of complete microbial genome sequences, evi- 
dence has accumulated for the occurrence of HGT not only at the strain and spe- 
cies level, but also between more distantly related organisms (Ochman et al. 2000). 
Of considerable human and environmental concern is the ability for bacteriophage 
transfer of antibiotic resistance between distantly related species. For example, 
highly mobile toxin-carrying Staphylococcus aureus pathogenenicity islands, con- 
taining superantigen genes, and other mobile elements are transferred to Listeria 
monocytogenes at the same high frequencies as they transfer within Staphylococcus 
aureus species (Chen and Novik 2009). Multiple staphylococcal phages transduced 
L. monocytogenes but could not form plaques. An experiment modeling phage ther- 
apy for bovine mastitis demonstrated pathogenicity island transfer between S. aureus 
and L. monocytogenes in raw milk. The Endings imply that phages may participate 
in a far more expansive network of genetic information exchange among bacteria of 
different species than originally assumed. Consequently, HGT has been proposed as 
a major factor in the spread of critical protective phenotypic adaptations in the natu- 
ral environment (Bogdanova et al. 1998, Davison 1999). A case in point, examina- 
tion of mercury resistance determinants in environmental bacterial populations has 
revealed highly homologous (and recombinant) mercury resistance (mer) operons 
and transposons in bacteria of diverse taxonomic groups existing in geographically 
distant parts of the Earth (Mindlin et al. 2002). These observations reinforce the 
notion that HGT is a dynamic process that can strongly influence the adaptation of 
microorganisms to challenging environmental conditions. 

7.2.4 Transfer between Phylocenetically Distant Organisms 

The relative importance of HGT to prokaryotic evolution and, in particular, the 
degree to which distantly related organisms participate in this information transfer 
has been a matter of controversy since the discovery of the phenomenon (Koonin 
and Wolf 2008). Clearly, HGT occurs between closely related species and is eas- 
ily seen in pathogenicity islands, regions approximately 100 kb in length containing 
multiple prophages and typically located near tRNA genes suggesting the insertion 
of these islands into a genome can be mediated by a bacteriophage. Moreover, as out- 
lined later, HGT probably plays a pivotal role in the evolution of the photosynthetic 
gene clusters of closely related cyanobacteria. Unfortunately, detecting HGT across 
great evolutionary distances is compromised by the rapid amelioration or loss of 
distinguishing sequence information as the newly incorporated nucleotide and codon 
usage frequencies shift to host frequencies. 




184 



Polar Microbiology 



Nevertheless, while the issue of HGT across significant evolutionary distance 
remains contentious, evidence continues to accumulate that HGT occurs between 
much more disparate organisms than was once thought (Wolfe and Li 2003). The 
first clear evidence of massive HGT between Archaea and Bacteria was the determi- 
nation of significant increases in archaeal protein homologues in the genomes of the 
hyperthermophilic bacteria Aquifex aeoUcus (Aravind et al. 1998) and Thermotoga 
maritima (Nelson et al. 1999). T. maritima, a non-spore-forming, rod-shaped bacte- 
rium belonging to the order Thermotogales, was originally isolated from geothermal 
heated marine sediment at Vulcano, Italy, exhibiting a growth temperature optimum 
of 80°C. The whole genome analysis of this eubacterium reveals significant evi- 
dence implicating HGT mechanisms in the transfer of multiple genes from archaeal 
sources. Small subunit ribosomal RNA (SSUrRNA) phylogenetic analysis places 
T. maritima as one of the deepest rooted and most slowly evolving lineages of the 
eubacteria. The 451 Archaea-like genes in T. maritima are not uniformly distributed 
across the commonly accepted biological roles. The majority of housekeeping genes 
involved in transcription, translation, DNA replication, and cell division are most 
similar to eubacteria orthologues. In contrast, 49% of transporters, 60% of electron 
transport proteins, and 42% of conserved hypothetical proteins are most similar to 
archaeal genes; 81 of the archaea-like genes are clustered in 15 discrete regions of the 
chromosome. The genes and gene order conservation in seven of these regions, have 
only been described in the genomes of thermophilic Archaea. Two of the clusters are 
associated with Archaea 30 bp repeat elements, lending support to the possibility that 
these repeat elements may be involved in gene transfer. 

HGT between Archaea and Eubacteria is not confined to hyperthermophilic 
systems. Salinibacter ruber, a large, rod hyperhalophilic bacterium isolated from 
saltern crystallizers (-37% NaCl) exhibits physiological characteristics common to 
the haloarchaea including high intracellular potassium levels and excessive levels 
of carotenoids in its membranes (Mongodin et al. 2005). The S. ruber pigment is 
chemically related to carotenoids of Rhodothermus marinus than the haloarchaea 
bacterioruberins. Like the haloarchaea, S. ruber is an aerobic heterotroph. The 
genome highlights the major questions arising in the identification of HGT events. 
The shared phenotypes may have arisen via physiological convergence, molecular 
convergence, or via HGT. Phylogenetic analysis places S. ruber in the Bacteroides/ 
Chlorobi group with R. marinus as its nearest neighbor. coxB2 and coxA2 genes 
appear to have been imported from haloarchaea. Genes coding for proteins criti- 
cal for survival as a hyperhalophile including three trkA homologues (K -I- uptake/ 
efflux) and one trkH (cationic amino acid transporter) are closely related to halo- 
archaeal homologues. The discovery of the proton pump bacteriorhodopsin in the 
haloarchaea Halobacterium salinarum has been seen as a unique archaea evolu- 
tionary contribution. Rhodopsin photobiology has now been found in other groups 
of prokaryotes, but as occurs in Halobacterium sp. NRC-1 and Haloarcula maris- 
mortui, S. ruber exhibits a total of four rhodopsin genes, a feat unmatched by any 
other characterized bacterium. The functionally important residues in S. ruber 
rhodopsins match those of the haloarchaeal proteins to which the rhodopsins are 
homologous, and the two SR-transducer homologues both appear to be sensory rho- 
dopsin photoreceptor transducers, like their haloarchaeal Htrl homologues. Unless 
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the last universal common ancestor had a complete set of rhodopsins, the presence 
of several identifiable classes of this protein in S. ruber and haloarchaea is best 
explained by multiple HGT events. 

7.3 INVESTIGATING HGT IN POLAR REGIONS: 

THE PROBLEM OF MULTIPLE STRESSORS 

An investigation of the impact of HGT on the response of polar microbial communi- 
ties to environmental stressors is in its infancy. A central problem compounding the 
analysis of genomic information from these regions is the simultaneous occurrence 
of multiple environmental stressors, particularly in Antarctica. The primary stres- 
sors requiring adaptive responses from indigenous organisms are 

1. Significant increases in UV radiation as a result of ozone depletion. 

2. Exposure to environmental toxins introduced by human exploration. 

3. In the coming decade, the transformation of freeze-thaw cycles will be 
instigated by global warming. In the case of ice-covered glacial melt lakes, 
rising ambient temperatures will result in the exposure of previously iso- 
lated microbial communities to invasion by new competitors for limited 
resources. 

The interactions between U V photonic and hydrocarbon stressors pose significant chal- 
lenges both to the indigenous microbial communities and to in situ attempts to moni- 
tor and de-convolve the impacts of each factor (Pelletier et al. 2006). It was recently 
shown that damage from UV-B radiation to marine microorganisms can be completely 
masked by the even stronger deleterious effects of soluble petroleum hydrocarbons 
(Sargian et al. 2005). Changes in phytoplankton pigment content and in vivo fluores- 
cence, as well as alterations in cell abundance and morphology of phyto- and bacterio- 
plankton populations from Ushuaia Bay (Southern Argentina) have been demonstrated 
when the community was exposed to either increased UV-B irradiation or the water 
soluble fraction of a crude oil contaminant (Sargian et al. 2007). Simultaneous expo- 
sure to the two environmental stressors produced a synergistic impact. Unfortunately, 
nothing is known about the frequency of HGT in these specific communities. 

7.3.1 Bacteriophages in Polar Regions 

Studies conducted in the Arctic polar region have documented the presence of 
cultivable phage-host systems capable of instigating HGT events. Three phage- 
host systems from Arctic sea ice and melt pond samples were isolated northwest of 
Svalbard (Borriss et al. 2003). On the basis of 16S rRNA sequences, the three psy- 
chrophilic hosts appear most similar to Shewanella frigidimarina, Flavobacterium 
hiberman, and ColwelUa psychrerythraea. Their phages are host-specific and 
all belong to the tailed, double-stranded DNA phage families Siphoviridae and 
Myoviridae. Both the hosts and their associated phages exhibit significant adap- 
tation to cold temperatures, yet the specific genes responsible for these adaptive 
capabilities are unknown. 
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Appreciable in situ phage abundances have been observed in polar inland waters 
ranging from 2.0 x 10^ (Beaver Lake, MacRobertson Land, Antarctica) to 1.0 x 10" 

L“i (saline lakes, Vestfold Hills, Antarctica) (Sawstrom et al. 2008), indicating that 
phages are important components of microbial communities in these environments. 
In general, there is a higher abundance of detectable virus-like particles (VLP) in 
Antarctic inland waters than those of the Arctic (Sawstrom et al. 2008). VLPs have 
also been detected in cryoconite sediments originating from an Arctic glacier as well 
as ice cores from the ice sheet covering Lake Vostok in Antarctica (Sawstrom et al. 
2008). 

Viral production rates measured for Antarctic inland waters vary from 2.0 x 10'’ 
to 2.0x10^ VLP L~' h^i, depending on the method used to estimate production 
(Sawstrom et al. 2008). Variahility in the production of viruses can also be attributed 
to the trophic status of the lakes, with ultra-oligotrophic lakes (Crooked Lake and 
Lake Druzhby) exhibiting the lowest rates in viral production compared to more 
productive saline lakes (Ace Lake, Pendant Lake, and Lake Hoare) (Sawstrom et al. 
2008). Viruses inhabiting these ecosystems strongly influence nutrient cycling and 
play a crucial role in structuring polar food webs. The latter is especially true for 
Antarctic lakes that are characterized by condensed food webs primarily constructed 
of microbes (Sawstrom et al. 2008). The viral-mediated mortality of microbial hosts 
results in the release of carbon-rich lysis products. Heterotrophic microbes can rap- 
idly assimilate dissolved organic carbon (DOC), resulting in a stimulation of bacte- 
rial production and respiration of fixed carbon to carbon dioxide. Although there is 
no information regarding how polar viral populations respond to naturally occurring 
or anthropogenic ecosystem stressors, it is likely that perturbations to these environ- 
ments will influence viral community structure, function, the nature of virus-host 
interactions and the rate of viral-mediated transduction. 

Bacteriophage methods for dealing with life in the extreme cold remain obscure. 
The mesophilic phage X has been shown to significantly shift toward lysogeny at 
the expense of lytic activity when exposed to low temperatures (Obuchowski et al. 
1997). The phage essentially serves as a temperature sensor and shuts down lytic 
pathways at 20°C. The controlling process appears to be the phage CII activity 
as a transcriptional activator. While this is an interesting response for a meso- 
philic phage, other processes must be operative for psychrophilic or psychrotoler- 
ant phage. Presumably, these strategies will include choices in protein residues and 
slight alterations in protein tertiary structure similar to changes documented for 
their bacterial hosts. 

7.3.2 Microbial Adaptation to Polar Environmental Stressors 

In the polar inland waters of the Arctic and Antarctica, the primary drivers for adap- 
tation during global warming are increases in evaporative water loss, salinity, alka- 
linity, and surface UV radiation. During the annual springtime ozone depletion over 
Antarctica, surface UV radiation levels are estimated to be -130% higher than the 
values recorded during the 1970s (Perin and Lean 2004). Current models predict 
signihcant reduction in primary productivity in Antarctic waters at depths of 0-20 m 
as a result of the increased UV flux (Smith et al. 1992). 
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Solar UV radiation modifies genetic information in multiple ways. Ribonucleic 
acid (RNA) and deoxyribonucleic acid (DNA) can be damaged directly by the 
absorption of high-energy UV photons or by contact with energetic superoxide free 
radicals formed by the UV activation of intracellular water molecules. Mutations 
or lethal damage can occur by assault on either the nucleotide bases or the polymer 
phosphate backbone. In either case, genomic alterations can significantly impact the 
formation of critical metabolic and structural proteins (Buma et al. 2001a). 

The primary productivity for many of these aquatic ecosystems is determined by 
the health of a complex community of photo synthetic phytoplankton (Neale 2001). 
These consortia of autotrophic microbes inhabit the top few meters of the water col- 
umn and serve as the first line of defense for the remainder of the ecosystem’s micro- 
bial community during periods of increased UV radiation (Buma et al. 2001b). The 
inhibition of phytoplankton productivity by U V radiation for Antarctic marine phyto- 
plankton (Smith et al. 1992, Helbling et al. 1996, Neale et al. 1998) most likely results 
in photosystem II damage (Melis et al. 1992, Schofield et al. 1995, Bouchard et al. 
2005), and the impairment of the carbon-fixing enzyme, ribulose-1, 5-biphosphate 
carboxylase-oxygenase (RuBisCO) (Bischof et al. 2000, Xue et al. 2005). 

The high cellular abundance and diversity of photosynthetic, nitrogen-fixing 
cyanobacteria in both Arctic and Antarctic lakes may be indicative of multiple 
HGT events since the original colonization of these ecological niches (Vincent et al. 
2000a,b). These cyanobacteria exhibit a wide range of protective strategies against 
UV radiation damage including mechanical escape (gliding) and enhanced produc- 
tion of multiple UV-absorbing pigments (Quesada and Vincent 1997). Recently, the 
psbA and psbD genes encoding for important photosystem II proteins were identified 
in multiple cyanophage genomes (Mann et al. 2003, Lindell et al. 2004, Millard et al. 
2004, Sullivan et al. 2005) and marine metagenomes (DeLong et al. 2006, Bench 
et al. 2007, Sharon et al. 2007, Williamson et al. 2008). The analysis of G-l-C content 
and codon usage in psbA genes of environmental viruses implicate HGT exchange 
and reshuffling of psbA genes between Synechococcus and Prochlorococcus via 
phage intermediates (Zeidner et al. 2005, Sullivan et al. 2006). These important find- 
ings, along with evidence of additional cellular metabolic genes in environmental 
viral genomes suggest that phages behave as genetic reservoirs capable of altering the 
evolution and adaptation of microbial hosts during times of environmental change. 

7.3.3 HGT IN Antarctica 

A complete genomic analysis of the Antarctic biome is still in its early years. 
Nevertheless, reports of HGT in Antarctic prokaryotes have begun to appear. 
Methanococcoides burtonii is a cold-adapted methanogen isolated from Ace Lake, 
Antarctica known to use membrane lipid unsaturation as a cold-adaptive mecha- 
nism (Goodchild et al., 2004). During the bioinformatic evaluation of 528 proteins 
that are expressed in the organism when grown at 4°C, 135 proteins were anno- 
tated only as unique and conserved, but were suspected of playing important roles 
during low temperature growth. Subsequent analysis (Saunders et al. 2005) identi- 
fied gene 150 as a functional cas gene with clustered regularly interspaced short 
palindromic repeats (CRISPR). This family of repetitive DNA sequences and the 
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associated cas genes are thought to be involved with phage and plasmid immunity. 
CRISPRs are subject to HGT and have been detected in several species of Archaea 
and Bacteria. However, on the basis of gene order and sequence similarity, the M. 
burtonii CRISPR locus is more similar to that found in several pathogenic spe- 
cies of Bacteria. The similarities make the locus a strong candidate for evidence of 
archaeal-bacterial horizontal gene transfer. The nature of the transfer mechanism 
is currently unknown. 

Phylogenetic screening of 3200 clones from a metagenomic library of Antarctic 
mesopelagic picoplankton produced two bacterial clones belonging to the 
Deltaproteobacteria designated DeepAnt-lF12 and DeepAnt-32C6 (Moreira et al. 
2006). Many of the genes encoded were informational and involved in replication, 
transcription, and translation. Nevertheless, several instances of HGT were detected, 
including an apparent transposase. DeepAnt-lF12 contained one putative gene 
encoding a long cysteine-rich protein, probably membrane -bound and Ca^+ -bind- 
ing, with only eukaryotic homologues. DeepAnt-32C6 carried some predicted genes 
involved in metabolic pathways that suggested the organism may be anaerobic and 
able to ferment and degrade complex compounds extracellularly. Several conserved 
proteins gave good phylogenetic signals identifying them as very distant from the 
Deltaproteobacteria. These putative HGT regions exhibited both low-G-fC and 
high-G-l-C levels. DeepAnt-32C6 ORF 3 encodes an adenosylmethionine-8-amino-7- 
oxononanoate aminotransferase closely related to high-G-l-C Gram-positive homo- 
logues. DeepAnt-lF12 ORF 8 encodes a conserved transposase domain similar to 
transposases seen frequently in Gammaproteobacteria, and in one example from 
the alphaproteobacterium, Sphingobium herbicidovorans, and one from the betapro- 
teobacterium, Delftia acidovorans. The transposase is also found in one high-G-t-C 
Gram-positive species, Arthrobacter aurescens, where it exhibits an almost identi- 
cal sequence, suggesting very recent acquisition from the Gammaproteobacteria. 
However, for DeepAnt-lF12, the gene is truncated and very divergent, indicating a 
more ancient acquisition. 

Finally, evidence of HGT has also begun to appear in prokaryotes capable of 
metabolizing potential hydrocarbon contaminants. Twenty-one Antarctic marine 
bacteria able to utilize diesel fuel as the sole carbon and energy source were isolated 
from the Ross Sea, analyzed by 16S rDNA restriction analysis using the enzyme 
A/mI, and assigned to two different bacterial species in the genera Rhodococcus and 
Alcaligenes (Pini et al. 2007). A 550-bp DNA fragment coding for the inner region 
of an alkane mono-oxygenase was PCR-amplified from each strain. The phyloge- 
netic analysis of the putative AlkB protein coded for by the fragment of these genes 
suggested HGT of the gene on the basis of G-tC content variation. 

7.4 EVIDENCE FOR HGT IN BIOREMEDIATION 

Horizontal gene transfer appears to play a signihcant role in the spread of meta- 
bolic pathways capable of facilitating the degradation of a variety of environmen- 
tal contaminants. Even though it is feasible for viruses to mediate the transfer of 
enzymes with remediation potential, the majority of well-known HGT examples 
are plasmid related. For example, in a coal tar-contaminated held site in Glen Falls, 
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New York, bacterial isolates were found to contain self-transmissible plasmids 
homologous to pDTGl, a naphthalene-catabolic plasmid found in Pseudomonas 
putida NCIB 9816-4 (Hohnstock et al. 2000). In a clear example of HGT, genes for 
enzymes catalyzing naphthalene catabolism were transferred from donor microor- 
ganisms to co-occurring microbes that were previously unable to metabolize this 
compound. 

Hexachlorocyclohexane (HCH) is a cyclic, saturated hydrocarbon prepared com- 
mercially by the chlorination of benzene in the presence of UV. The extensive and 
indiscriminant use of HCH for the past five decades against a variety of agricultural 
pests and in antimalarial health campaigns has produced a profound environmen- 
tal contamination problem. Bacteria (from the family Sphingomonadaceae) that are 
capable of degrading HCH have been isolated from geographically diverse HCH- 
contaminated soils (Lai et al. 2006). These geographically distant isolates contain 
nearly identical lin genes responsible for HCH degradation, all associated with plas- 
mids and the insertion sequence element IS6100; both of which appear to play fun- 
damental roles in this example of widespread HGT. 

Synthetic haloalkanes (alkanes such as methane or ethane linked to a halogen 
such as chlorine or fluorine) are potential carcinogens widely used in a variety of 
industrial and agricultural products worldwide including flame retardants, solvents, 
refrigerants, and propellants. One particular family of haloalkanes, the chlorofluo- 
rocarbons, has been a focus of considerable investigation for their role in environ- 
mental contamination and atmospheric ozone depletion. Microorganisms do not 
normally express metabolic enzymes capable of efficiently catabolizing these syn- 
thetic molecules. The result is the long-term survival of these synthetic hydrocarbons 
in the environment. It is of considerable interest for our understanding of information 
exchange and rapid evolutionary adaptation that microbial communities repeatedly 
exposed to synthetic haloalkanes can devise degradation pathways for these xeno- 
biotic molecules, exploit them as growth substrates, and appear capable of sharing 
these strategies among a diverse group of microbes. Three phylogenetically distinct 
bacteria Rhodococcus rhodochrous NCIMB13064, Pseudomonas pavonaceae 170, 
and Mycobacterium sp. strain GPl share a highly conserved haloalkane dehaloge- 
nase gene (dhaA) (Poelarends et al. 2000a). R. rhodochrous NCIMB1306 can use 
the haloalkane 1-chlorobutane as its sole carbon and energy source. The critical step 
in 1-chlorobutane catabolism is the cleavage of the carbon-halogen bond, a process 
catalyzed by the inducible hydrolytic haloalkane dehalogenase, dhaA, to produce 
n-butanol. The dhaA gene for NCIMB13064 resides within a 1-chlorobutane cata- 
bolic gene cluster. This cluster of genes also encodes a putative invertase (invA), a 
regulatory protein (dhaR), an alcohol dehydrogenase (adhA), and an aldehyde dehy- 
drogenase (aldA). The alcohol and aldehyde dehydrogenases may catalyze an oxida- 
tive conversion of w-butanol to n-butyric acid, a readily accessible growth substrate 
for a variety of bacteria. Pseudomonas pavonaceae 170, and Mycobacterium sp. 
strain GPl contain a putative integrase gene next to the conserved dhaA segment. 
The proximity of this integrase to coding regions for catabolic pathways capable of 
degrading molecules only recently synthesized by humanity suggests that HGT is 
responsible for the inclusion of these DNA segments in the genomes of these phylo- 
genetically diverse microorganisms. 
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Along these lines, 16S rRNA genes of the haloalkane-degrading bacterium 
Rhodococcus sp. strain NCIMB13064 and five Gram-positive haloalkane-utilizing 
bacteria isolated from contaminated sites in Europe, Japan, and the United States have 
been shown to exhibit less than 1% sequence divergence (Poelarends et al. 2000b). All 
sequences indicated that the strains belonged to the genus Rhodococcus and all the 
strains shared a completely conserved haloalkane dehalogenase gene (dhaA), suggest- 
ing these genes derived from a recent common ancestor. The genomes of all strains 
also contain a conserved region of 12.5 kb that includes the haloalkane-degradative 
gene cluster previously identified in strain NCIMB13064. Each haloalkane degrader 
carried the dhaA gene region on both the chromosome and on a plasmid suggesting 
that an ancestral plasmid was transferred between these Rhodococcus strains and 
has since undergone a series of insertions or deletions. These data suggest that the 
haloalkane dehalogenase catabolic gene cluster of these Gram-positive haloalkane- 
utilizing bacteria has been distributed to geographically disparate groups of bacteria 
across the globe on very recent evolutionary timescales. 

An epoxyalkane:coenzyme M (CoM) transferase (EaCoMT) enzyme, recently 
found to be active in aerobic vinyl chloride (VC) and ethene assimilation pathways, 
was investigated in 10 different mycobacteria isolated on VC or ethene from diverse 
environmental samples (Coleman and Spain 2003). The Mycobacterium EaCoMT 
genes formed a distinct cluster that appeared to be closely related to the EaCoMT 
gene of Rhodococcus strain B-276. Notable discrepancies between the EaCoMT and 
16S rRNA phylogenetic trees coupled with the fact that isolates from geographically 
distant locations exhibit almost identical EaCoMT genes suggest that EaCoMT has 
been horizontally transferred among the Mycobacterium strains. These observations 
suggest that the CoM-mediated pathway of epoxide metabolism may be universal in 
alkene-assimilating mycobacteria because of widespread plasmid-mediated HGT. 

One example of potential phage-mediated HGT in bioremediation is illustrated 
by a species of Geobacter metallireducens isolated from contaminated subsurface 
sediments with elevated concentrations of uranium and nitrate generated during 
the production of weapons were collected from the Field Research Center at the 
Y-12 complex within the Oak Ridge National Laboratory reservation at Oak Ridge, 
Tennessee. Genomic analysis revealed a 300 kb genomic island harboring enzymes 
capable of degrading phenol, /?-crestol, 4-hydroxybenzaldehyde, 4-hydroxybenzoate, 
benzyl alcohol, benzaldehyde, and benzoate (Butler et al. 2007). All four regions 
of aromatics metabolism genes are flanked on at least one side by tRNA genes. 
These genes are often associated with genomic islands and are often target sites for 
phage attachment and integration. The 3' end of the large aromatics island is flanked 
by a tRNA-Gly gene, and a pseudo-tRNA appears 6.6 kb upstream. Three genes 
with homology to phage integrases, Gmet_2271, Gmet_2278, and Gmet_2279, are 
encoded nearby. There is a tRNA-Gly near the bamB homologue (Gmet_1802) and 
a putative phage integrase (Gmet_1783). A region containing the oah homologue has 
a tRNA-Ala at the 5' end, and the toluene region is flanked on both sides by tRNA 
genes: a tRNA-Met at the 5' end and a tRNA-Val at the 3' end. This region of the 
genome exhibits many of the characteristics associated with genomic islands: the 
genes are species-specific and they are encoded in discrete units flanked by genes 
with atypical nucleotide composition as well as by tRNA genes and phage-like 
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integrases. The regional signs of genetic mobility include identical transposons and 
repetitive sequences. The overabundance of phage-like genes in the island suggests 
that the transfer of these enzymes may have been the result of a transduction event. 
Furthermore, the aromatic enzymes are flanked on at least one side by tRNA genes, 
sights that are often targets of temperate phage attachment. The lack of detectable 
differences in the nucleotide composition of the island and the surrounding genome 
and the lack of syntenic organization with other aromatic degraders suggest that the 
transfer event did not occur recently. 

7.5 HGT ACTIVITY IN POLAR BIOREMEDIATION 

The impact of HGT has been previously documented in a variety of psychrophilic 
marine waters, freshwater lakes, and soil environments, but our understanding of 
the extent of HGT in polar bioremediation is in its infancy (Aislabie et al. 2004). 
As discussed earlier, 21 Antarctic marine bacteria isolated from Terra Nova Bay 
were capable of utilizing diesel fuel as their sole carbon and energy source (Pini et 
al. 2007). 16S rDNA restriction analysis and random amplihed polymorphic DNA 
(RAPD) analysis suggested minimal diversity within the microbial community with 
all organisms belonging to one of two bacterial species in the genera Rhodococcus 
and Alcaligenes. The DNA fragment coding for the inner region of alkane monooxy- 
genase was identified as encoding for a putative AlkB protein that was most likely 
acquired via HGT. The microbial isolates utilized two different strategies to acquire 
hydrocarbons. Rhodococcus isolates utilized biosufactants and Alcaligenes isolates 
deal with hydrocarbon energy sources through multiple membrane modifications. 

Marinobacter is a widely distributed bacterium indigenous to coastal marine 
environments in Europe, Asia, North America, Africa, and Antarctica. Strain 
NCE312 can utilize naphthalene as a sole carbon source and has been shown to 
degrade 2-methylnaphthalene and 1-methylnaphthalene. The comparative sequence 
analysis of the Marinobacter dioxygenase gene with those from Pseudomonas and 
Burkholderia strains revealed a high level of sequence similarity suggesting hori- 
zontal transfer between these bacterial lineages (Hedlund et al. 2001). 

Twenty-two PAH-degrading bacterial strains using only naphthalene or phenan- 
threne as a sole carbon source have been isolated from hydrocarbon-contaminated 
Antarctic soils (Ma et ah, 2006), but no degrader species could be isolated from 
an unpolluted control site. Phylogenetic analysis placed all isolates within the 
genus Pseudomonas except for one identified as most likely belonging to the genus 
Rahnella. Some of the isolates were closely related to known cold-tolerant species, 
but others clearly represent novel, previously unseen strains. Unlike mesophilic 
species, psychrophilic isolates were capable of the degradation of naphthalene at 
4°C. The maximum naphthalene degradation efficiency for both mesophilies and 
psychrophiles occurred at 30°C. Psychrophilic Pseudomonas strain LCY exhibited 
naphthalene degradation enzymatic activity level at 30°C of 12 35.19 nmol min"' 
mg"' compared to 22.41 nmol min"' mg"' for the mesophilic control. A comprehen- 
sive amplification of the ndo gene encoding naphthalene dioxygenase indicated that 
all of the isolates possessed the potential to degrade this toxic substance. The dioxy- 
genase sequences from the isolates were not only highly similar to each other at 
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the nucleotide level (97%), they were also remarkably similar to mesophilic ndo 
gene sequences. Significant differences were noted in the phytogeny derived from 
the analysis of 16S rRNA genes and ndo genes for the isolates suggesting that the 
dioxygenase genes were horizontally transferred. Considering that the ndo genes 
encoded by the isolates are located on large self-transmissible plasmids, there 
appears to be strong evidence for HGT among these isolates and suggests that certain 
Pseudomonas species that are capable of playing an important role in PAH biodeg- 
radation in Antarctic soils. 

Similarly, the analysis of 135 psychrotolerant microorganisms isolated from mul- 
tiple Canadian ecosystems revealed strains that are capable of mineralizing toluene, 
naphthalene, dodecane, and hexadecane (Whyte et al. 1996). The aromatic degra- 
dation genes of the pyschrotolerant strains were either plasmid or chromosomally 
located and demonstrated homology to genes previously identified in mesophilic 
bacteria. These studies imply that cold-adapted microbes may have acquired genes 
that are integral to the degradation of toxic substances from organisms inhabiting 
environments that are more temperate. However, the relative paucity of Antarctic 
HGT geographically diverse epidemiological studies of both mesophilic psychro- 
tolerant and psychrophilic biodegradative strains make it impossible to assess the 
relative importance of HGT and the physical transport of microbial species from 
South America, Africa, Australia, and New Zealand in the appearance of biodegra- 
dative metabolism on the continent. 

7.6 SUMMARY 

Microbial life has been continuously present on Earth since it appeared relatively 
rapidly after the cessation of planetary late heavy bombardment: approximately 3.8 
billion years ago (Mojzsis et al. 1996). Since then, the rate of evolutionary change 
has on multiple occasions, accelerated dramatically to produce extraordinary adap- 
tive responses to environmental challenges (Eldredge 1971, Eldredge and Gould 
1972, Gould and Eldredge 1977, 1993). In fact, the evolution of microbial diversity 
on Earth has been attributed by one group to recurrent cycles of global warming and 
cooling that form, maintain, and then significantly alter the local environments of 
microbial communities (Zavarzin 1993, 1999). Such cyclical changes in temperature, 
total solar radiation, and shifts in solar photon energy distributions including the 
relative abundances of far and near UV light appear to have been a fundamental part 
of the geo-biological history of Earth. 

In some cases, the driving force for change has been the introduction of a par- 
ticular “contaminant” of biological origin. Certainly, the production of oxygen by 
photosynthetic cyanobacteria would have functioned as a lethal toxin to many of 
the anaerobic microbes dominating archean Earth. To other microbial communi- 
ties capable of producing and then sharing oxygen-utilizing metabolic enzymes, the 
transition from a reduced to an oxidized planet would have presented signihcant 
evolutionary advantages. 

Rapid shifts in climate or the appearance of potentially lethal contaminants 
demand that microbial communities adapt relatively quickly to changes in the avail- 
ability of structural materials, the abundance or quality of energy sources, and the 
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competitive advantages of coresident microorganisms. The significant variables 
may include pH, temperature, physical maceration, and hydration/desiccation. On 
geological or classical evolutionary timescales, the species response times required 
for such phenotypic adaptation to environmental change is extraordinarily brief, 
sometimes on the order of tens to hundreds of years. This implies that the extreme 
phenotypic diversity we see in the surviving eukaryotic and prokaryotic organisms 
(Ma et al. 2004) has most likely not been the result of the slow accumulation of 
individual point mutations, but a much more efficient and sophisticated series of 
events. Evidence continues to accumulate that rapid evolutionary adaptation could 
have been repeatedly facilitated by strategies that are more efficient; ideally demon- 
strated by bacteriophage-mediated horizontal gene transfer (Ochman et al., 2000, 
Hendrix 2002). 

While the rapid spread of information by HGT is efficient and dramatic, our under- 
standing of the exact statistics of this process is profoundly deficient. To polar micro- 
bial communities, many of the challenges posed by contamination mimic the threat 
presented to common pathogens by antibiotics. Does HGT occupy a central position 
in rapid microbial adaptation to the pollution of fragile ecosystems similar to its role 
in human epidemics and microbial drug resistance? A series of additional questions 
can be posed. How exactly do viruses and their hosts interact during times of envi- 
ronmental change? Is the selection and excision of a series of microbial host genes a 
completely random process (during generalized transduction) or is there some kind 
of selective mechanism that we have yet to discover? What environmental factors 
trigger the activation of quiescent prophage genomes? In a rapidly changing, isolated 
environment, how often do lytic and temperate phages and other viruses facilitate 
HGT among disparate prokaryotic and eukaryotic taxa? How profoundly have these 
rapid genomic and phenotypic adaptations, mediated by HGT, influenced our record 
of Darwinian evolution and the development of diversity in viral, prokaryotic, and 
eukaryotic genomes? Lastly, how do we improve our abilities to detect and monitor 
HGT information transfer in a community of diverse organisms? 

The latter question is of particular importance if we wish to harness the adaptive 
power of HGT for targeted bioremediation efforts. Clearly, natural microbial com- 
munities exposed to toxic compounds can adapt to new environmental demands by 
mutation or through the acquisition of the appropriate metabolic or biodegradative 
genes. In other cases, when a novel material defies the solutions available to indig- 
enous microbes, genetically engineered microorganisms have been considered (van 
der Meer 2006). Current treaties, particularly those covering Antarctica, specifically 
prohibit the introduction of novel species and require careful monitoring of attempts 
to modify the current polar ecosystems. The most logical line of investigation for 
the next decade is to intensify our exploration of pristine polar habitats to identify 
the metabolic pathways available to indigenous microbes that are capable of accom- 
plishing anticipated bioremediation tasks. The metagenomic exploration (i.e., exam- 
ining the collective genetic contents of indigenous microbial communities) of polar 
microbes will help to shed light on the metabolic potential of these organisms and we 
suspect that increasing efforts will be made to produce metagenomic datasets from 
select, previously unexplored Arctic and Antarctic ecological niches. The in-depth 
characterization of polar viral communities using both cultivation-dependent and 
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independent approaches (e.g., metagenomics) coupled with improvements to current 
hioinformatic algorithms to identify HGT events in metagenomic data will facilitate 
our understanding of how bacteriophage in these environments mediate the transfer 
of information between organisms. 

Finally, the development of novel, in situ, airborne, and satellite optical techniques 
may be of assistance in the rapid detection of hydrocarbon-contaminated sites and 
may facilitate the monitoring of bioremediation efforts. Techniques currently being 
tested to detect both life in the ice on Earth and PAH in-fall material in the Mars rego- 
lith may have direct application to polar bioremeditaion strategies. Instrumentation 
development work currently underway focuses on in situ and remote imaging of laser 
induced fluorescence emission (L.I.F.E.) following 365 nm laser excitation of 3-, 4-, 
and 5-ring PAH structures presumed present beneath the Mars regolith during the 
European Space Agency’s ExoMars mission (Storrie-Lombardi et al. 2008, Muller 
et al. 2009) and inducing fluorescence in photosynthetic cyanobacterial pigments in 
Antarctic cryoconite assemblages resident in transparent Antarctic lake and glacier 
ice (Storrie-Lombardi et al. 2009). The ability to systematically probe individual 
biomolecular targets makes it possible to monitor both the health of the indigenous 
dominant photosynthetic microbial life and the appearance of exogenous PAH con- 
taminants in the ice. The development of these techniques will require extensive 
interdisciplinary cooperation between microbiology, earth sciences, optics, and 
materials engineering. However, such cooperation has been a cornerstone of polar 
exploration for many decades and will continue to bring novel techniques to bear on 
threats to these fragile, bell-weather environments. 
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8.1 INTRODUCTION 

8.1.1 Goals OF This Chapter 

The goals of this chapter are to offer a brief overview of the origin and evolu- 
tion of organic molecules in astrophysical environments, and further, to provide 
a broader context to the task of understanding the origins of the materials that 
made up the original biosphere, particularly the cryosphere, on Earth. Much of 
the chemical reservoir for prebiotic and biotic chemistry in the early biosphere 
was likely delivered from space by comet, asteroid, and meteorite impacts. The 
compositions of comets and meteorites include complex organics, even molec- 
ular species as complex as amino acids and polycyclic aromatic hydrocarbons 
(PAHs). These materials and their precursors originate in the cold, vast interstel- 
lar clouds of gas and dust from which the Sun and other solar-system bodies were 
formed around 5 billion years ago. Organic molecules observed in these interstel- 
lar systems include complex hydrocarbon chains and branched structures, simple 
sugars, and PAHs. Einally, we will discuss the observation that if complex hydro- 
carbons including PAHs were present from the time life appeared on Archean 
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Earth, then it is not unexpected that we find microorganisms efficiently degrading 
petroleum hydrocarbons and even using them as a metabolic resource in remote 
polar ecosystems. 

8.1.2 The Astrophysical Context 

The core set of elements comprising organic matter on Earth — hydrogen, carbon, 
oxygen, and nitrogen — are four of the five most abundant elements in the observ- 
able universe (Lederberg and Cowie 1958). Together, these four elements also 
account for more than 75% of the total baryonic mass of the universe. Ultraviolet 
(UV) radiation energy gradients and multiple mechanical protection mechanisms 
against UV damage inherent in the structure of dust clouds of active star-forming 
regions provide a rich environment to create increasingly complex organic mol- 
ecules (Allamandola et al. 1987, Ehrenfreund and Sephton 2006, Ehrenfreund et 
al. 2006). Laboratory simulations predict that the formation of aromatic organic 
molecules should be a fundamental feature of the creation of protoplanetary disks 
(Bernstein et al. 1999) and may play a central role in the appearance of life in the 
Universe. 

The Sun was formed from an overly dense region within a giant interstellar 
cloud of gas and dust that collapsed under its own gravity. Around 5 billion years 
ago, the matter orbiting the collapsing proto-Sun formed a disk, within which the 
planets, comets, and asteroids condensed. Much of the chemical reservoir from 
which life emerged on Earth is thought to have been delivered from space by way 
of cometary impacts and collisions with other small planetary bodies during an era 
of heavy bombardment that took place between 4.5 and 4.0 billion years ago, when 
the leftover fragments of planet formation were abundant in the inner solar system. 
Although this topic is the subject of some scrutiny (e.g., Campins et al. 2004, Drake 
and Campins 2005), comets and asteroids from the heavy bombardment era are 
widely regarded as a significant source for a fraction (perhaps as much as 50%) of 
the total volume of water contained within Earth’s oceans. These bodies are also 
known to contain large organic molecules that might have also been delivered in 
this process, bringing to the young Earth the necessary building blocks for prebiotic 
chemistry out of which life emerged in a relative short period of time (the oldest 
evidence for life on Earth is about 3. 6-3. 8 billion years old — only 200-400 million 
years after the end of the heavy bombardment era). Indeed, if our Sun were signifi- 
cantly cooler during that period, then life itself may have first appeared during a 
time of global glaciation and the likelihood of a cold origin of life takes on a new 
significance (Price 2007). 

When considering ancient life on Earth, or when speculating as to the origins of 
life on Earth, it is therefore important to study this connection between the chemi- 
cal makeup of Earth’s biosphere and the chemistry of astrophysical environments, 
such as may be found inside comets, asteroids, or giant interstellar clouds. In the 
remaining sections of this chapter, the chemistry of interstellar clouds, comets, and 
meteorites will be discussed in the context of following the chemical evolution of 
organic materials relevant to biological systems on Earth. 
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8.2 INTERSTELLAR ORGANIC MATTER 

Giant clouds of gas and micron-sized dust particles are present in the expanses 
of space between the stars, or interstellar medium (ISM). The birthplaces of new 
stars and planetary systems, they are typically hundreds of light-years away (1 
light-year is the distance traveled by a beam of light in 1 year, equal to approxi- 
mately 9.5 X 10*^ km). They are composed primarily of hydrogen (90% by number), 
helium (9%), and heavier atoms (1%), and account for approximately 10% of the 
total mass of the Milky Way galaxy. Most of the heavier atoms in these clouds are 
contained within the dust grains. On average, the density of the ISM is only about 
1 atom cm“^, but most of the mass of an interstellar cloud is contained in several 
small cores where the particle density may exceed 10*cm“^. While the gases in 
more diffuse regions are almost purely atomic in nature, matter within the dense 
cores is shielded from the harsh radiation field of interstellar space, and stable mol- 
ecules may form without being photodissociated. The molecular gas in dense cores 
is dominated by molecular hydrogen (Hj), where the next most abundant molecule 
is carbon monoxide (CO), with an abundance on the order of 1 part in 10'^ relative 
to Hj (e.g., Whittet 2002). 

Due to the relatively high density and the light-absorbing properties of the dust 
particles, dense cores are opaque to visible radiation and their temperatures fall below 
10 K. At such low temperatures, all atoms heavier than hydrogen readily accrete 
onto the dust particles, where they may interact by surface chemistry to produce 
molecules that otherwise could not form in the low-density gas, such as Hj, HjO, or 
CH3OH. Some molecules are thermally desorbed from the dust grain by the released 
binding energy, while others remain to form a solid mantle of condensed volatiles. 
The exposure of the icy dust grain mantles to ionizing radiation, such as UV, from 
nearby stars or by cosmic rays may also drive reactive chemical pathways to complex 
molecular species. 

The compositions of the icy mantles are probed by spectroscopy of the character- 
istic fundamental vibrational modes in the IR portion of the electromagnetic spec- 
trum with wavelengths from about 2 to 25|im. There are spatial variations in icy 
grain mantle chemistry, but the general composition in all observed dense interstel- 
lar clouds is dominated by HjO. Other important mantle constituents (10%-30% by 
number relative to H2O) include carbon monoxide (CO), carbon dioxide (CO2), and 
methanol (CH3OH). Minor species (1%-10% relative to H2O) in dense cloud cores 
may also include methane (CH4) and ammonia (NH3). In regions of active star forma- 
tion, where energetic UV photons, x-rays, and elevated temperatures may influence 
the ice mantle chemistry, IR absorptions due to cyanate anions (OCN“), carbonyl 
sulfide (OCS), formaldehyde (H2CO), formic acid (HCOOH), and complex organics 
have also been observed (e.g., Whittet 2002, Gibb et al. 2004). The complete infrared 
spectrum of the heavily obscured protostar W33A is displayed in Figure 8.1. 

In low-density environments, interstellar dust experiences higher temperatures 
(about 100 K) and radiation fields due to UV and visible light from stars. Due to the 
relatively high temperatures, most of the icy mantles have been totally evaporated, 
with the occasional exception of HjO in certain lines of sight. In these regions 
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FIGURE 8.1 The infrared spectrum of the heavily obscured protostar W33A. Molecular 
absorption features are labeled according to the identified or possible carrier species. (From 
Gibb, E.L. et al., Astrophys. J., 536, 347, 2000. With permission.) 

of the ISM, the observed infrared spectra also reveal the presence of refractory 
organic materials by way of the characteristic absorption of the C-H aromatic and 
aliphatic bonds at wavelengths near 3.3 and 3.4 |im, respectively, as well as the 
C-C deformation modes near 6.2 |im (Sandford et al. 1991, Pendleton et al. 1994, 
Schutte et al. 1998, Pendleton and Allamandola 2002). Since these features are 
characteristic of all large hydrocarbons, knowledge of the precise composition of 
this organic material is not possible, and laboratory studies have demonstrated the 
resemblance of these interstellar spectral features to those obtained from common 
hydrocarbon-bearing substances (e.g., Pendleton and Allamandola 2002). The 
3.4 |im infrared spectrum of the diffuse ISM is shown in Figure 8.2 in comparison 

Wavelength (pm) 



3.4 3.5 




Frequency (cm ^) 

FIGURE 8.2 Comparison of the CH stretch of the 600°C organic extract sublimate from 
the Murchison meteorite (line) to the diffuse interstellar medium 3.4pm absorption feature 
(circles with error bars). (From Pendleton, Y.J. and Allamandola, L.J., Astrophys. J. Suppl. 
Ser., 138, 75, 2002. With permission.) 
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with the organic material obtained from the Murchison meteorite. In general, this 
organic refractory material may be regarded as “kerogen-like,” containing highly 
branched, largely saturated and unsaturated hydrocarbon species, as well as vari- 
ous aromatics. PAHs, which we discuss in more detail in Section 8.5, have also 
been found to be widely present in the gas phase of interstellar clouds (e.g., Tielens 
et al. 1999, Tielens 2008). 



8.3 ORGANIC MATERIALS IN COMETS 

Comets are arguably the most pristine objects in the solar system. Preserved in cold 
storage at very low temperature (10-20 K) at the outermost reaches of the Sun’s influ- 
ence (as far as 1 light-year away), many of these objects likely contain the unmodi- 
fied ices and dust from the protoplanetary nebula out of which the Sun and the 
planets were first formed. Trillions of comets, for a total estimated mass of about 1.9 
Earth masses (Weissman 1983), probably exist in the Oort Cloud (after noted Dutch 
astronomer Jan Oort, who first proposed the possibility of its existence; see Oort 
1950). Another grouping of comets exists at distances that span from just beyond 
the orbit of Neptune to the inner edge of the Oort cloud, in a flattened structure 
known as the Kuiper Belt, or the Edgeworth-Kuiper Belt (after noted astronomers 
Gerard Kuiper and Kenneth Edgeworth; see Kuiper 1951 and a comprehensive 
review of these topics by Luu and Jewitt 2002). Comets in the more distant Oort 
cloud are thought to have been formed within the inner solar system and subse- 
quently ejected by gravitational interactions with the gas giant planet Jupiter 
(e.g., Weissman 1983). Comets in the Kuiper Belt are thought to be more pristine, 
having formed in more or less in their current locations, with some orbital modifica- 
tions by gravitational interactions with the planets Uranus and Neptune (e.g., Luu 
and Jewitt 2002). 

Despite their vast distances from the Sun, an occasional orbital instability 
through comet-comet collisions or by the close passage of a nearby star will send 
one of these objects into the inner solar system for a close study. As they are heated, 
material from within the nucleus of the comet sublimes into space, forming a coma 
and tail structure(s). Observations of the solar-induced fluorescence in cometary 
comae reveal a variety of molecular species (see, e.g., Mumma et al. 2003). The 
overall composition of comets resembles, qualitatively, the composition of the ISM, 
and many trace species have also been detected. A listing of major components of 
cometary comae is given in Table 8.1, which can be directly compared to the major 
components of interstellar ices given in Table 8.2. The major components of comets 
include ethane (CjHg), acetylene (C 2 H 2 ), HCN, CO, CO 2 , and H 2 O (Mumma et al. 
2003). In comparing the distribution of the molecular species present in interstellar 
ices, comets, and the Murchison meteorite (Table 8.3) to the microbial life on Earth 
in the modern era (Table 8.4), the most impressive shift, of course has been from 
small precursor molecules to complex polymers (proteins, nucleic acid chains, lip- 
ids). However, the fundamental components of life today are still hydrogen, carbon, 
nitrogen, and oxygen present in the organic infall material and atmosphere of early 
Earth’s cryosphere. 
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TABLE 8.1 

Selected Molecules Observed in 
Comets 



Molecule 

H2O 

CO 

CO2 

CH4 

C2H6 

C 2 H 2 (acetylene) 
H2CO 
CH3OH 
HCOOH 

HNCO (isocyanic 
acid) 

NH3 

HCN 

C$2 

ocs 



Abundance Relative 
to H2O (%) 

100 

2-20 

2-6 

0.6 

0.3 

0.1 

0.04-5 

1-7 

0.1 

0.07 

0.5 

0 . 1 - 0.2 

0.1 

0.4 



Source: Whittet, D.C.B., Dust in the Galactic 
Environment, 2nd edn, Institute of 
Physics Publishing, Philadelphia, 
PA, 2002. 



8.4 ORGANIC MATERIALS IN METEORITES 

About 5% of all meteorites on Earth comprise the class known as carbonaceous 
chondrites. These meteorites have bulk elemental abundances very similar to those 
of the Sun, indicating that they have remained essentially unaltered since their forma- 
tion in the solar nebula (Anders and Grevesse 1989, Burnett et al. 1989). Meteorites 
can therefore yield information about processes that occurred during planetesimal 
formation. 

Carbonaceous chondrites contain a significant amount of carbon, although it 
represents only about 5% of the meteorite’s total mass (Sears 1978). The primary 
significance of this carbon lies in its organization into a variety of free organic 
molecules, including amino acids (Cronin and Moore 1971), sugars (Cooper et al. 
2001), nucleic acids (Stoks and Schwartz 1981), fatty acids, and light aromatic com- 
pounds, as well as a macromolecular material containing PAH structures (Hayatsu 
et al. 1977). It is spectroscopically very similar to the organic materials observed 
in the IR spectrum of the diffuse ISM (see Figure 8.2). The nature of the organic 
content of these meteorites spans the full range of the most basic materials involved 
in living systems on Earth and may provide a link between life on Earth and the pre- 
biotic chemistry in the early solar system. Moreover, since PAHs are a significant 
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TABLE 8.2 






Molecules Observed in Icy Grain 
Mantles in the Dense Interstellar 




Medium and in 


Star-Forming 




Regions 


Abundance Relative 




Molecule 


to HjO (%) 




HjO 


too 




CO 


25-60 




CO 2 


20-35 




CH 3 OH 


3-30 




NH 3 


2-15 




OCN- 


0-6 




HjCO 


0-6 




HCOOH 


0-6 




CH 4 


0-2 




OCS 


0-0.5 




Source: Crovisier, J. 


and Encrenaz, T., Comet 




Science, Cambridge University Press, 
New York, 2000. 





TABLE 8.3 

Organic Analysis of the Murchison Meteorite 


class of Material 


Concentration (ppm) 


Carboxylic acids 


>300 


Amides 


55-70 


Amino acids 


60 


Aliphatic hydrocarbons 


>35 


Dicarboxylic acids 


>30 


Aromatic hydrocarbons 


15-28 


Aldehydes and ketones 


27 


Hydroxycarboxylic acids 


15 


Amines 


8 


Purines and pyrimidines 


1.3 


Source: Data from Cronin, J.R. et al., Meteorites and the 


Early Solar System, 


University of Arizona Press, 


Tucson, AZ, 1988, pp. 


819-857. 
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TABLE 8.4 

Organic Composition of a Modern 
Microbial Cell 



Class of Material 


Percent of Total 
Cell Weight 


Water 


70 


Inorganic ions 


1 


Sugars 


1 


Amino acids 


0.4 


Nucleotides 


0.4 


Fatty acids 


1 


Other small molecules 


0.2 


Proteins 


15.4 


RNA 


A.l 


DNA 


0.9 


Polysaccharides 


5.0 


Sources: Adapted from Alberts, B. et al., Mole- 



cular Biology of the Cell, 3rd edn. 
Garland Publishing, Inc., New York, 
1994;Vaccari,D.A.etal.,£’nvf>onm^nrf3/ 
Biology for Engineers and Scientists, 
John Wiley & Sons, Inc., Hoboken, NJ, 
2005. 



repository of carbon in the ISM (Allamandola et al. 1985), they represent a direct 
link from the pre-solar nebula to interstellar materials. 

The connection between the organics in carbonaceous chondrites and the prebi- 
otic chemistry of the solar nebula is the carbon content of these meteorites and, in 
particular, the possible association between the free organic material and the macro- 
molecular material. This link remains poorly understood, but there is some indirect 
evidence that they may be related (e.g., Sephton et al. 1998). 

The fact that this macromolecular, kerogen-like material has an interstellar origin 
is evidenced by enrichments in the relative amounts of the isotope deuterium (D) 
relative to hydrogen in these materials. The results of Kerridge et al. (1987) imply 
a D enrichment of up to 1800%o (parts per mil) relative to terrestrial standards for 
samples of this material from Murchison, suggesting that this material is at least 
partially interstellar in origin. Yang and Epstein (1983) have measured the D/H ratios 
of organic matter in a variety of meteorites, including non-carbonaceous chondrites, 
and in all instances have found D enrichments, relative to terrestrial standards, that 
are comparable to those observed by Penzias (1980) and Wannier (1980) for HCN 
and HCO+ in interstellar clouds in our galaxy. 

Recent measurements published by Dworkin et al. (2001) and reviewed by 
Deamer et al. (2002) show that the water-soluble organic material extracted from a 
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carbonaceous chondrite meteorite (Murchison) spontaneously forms micron-sized, 
membranous, vesicle structures when exposed to liquid water. These vesicles seem 
to be composed of amphiphilic molecules that also fluoresce when exposed to UV 
radiation. This result is interesting from the point of view of astrobiology, since it 
provides a possible answer to the question of how the first proto-cells were formed in 
a prebiotic environment (Deamer et al. 2002). 

8.5 PAHs AND DELIVERY TO THE EARLY EARTH 

Astrophysical surveys have repeatedly documented the presence of broad infrared 
spectral emission features at 3.3, 6.2, 7.7, 8.6, 11.3, and 12.7 pm closely matching the 
spectral features of PAH molecules (van Dishoeck 2004). These molecular signa- 
tures have heen found in the ISM of nearby star-forming regions (Ehrenfreund and 
Charnley 2000), around protoplanetary disks (Visser et al. 2007), throughout our 
galaxy (Flagey et al. 2006), in neighboring galaxies (Sajina et al. 2007), and have 
now been found in Titan’s atmosphere (Coates et al. 2007). The IR spectra of three 
nearby active galactic nuclei are shown in Figure 8.3. 

Estimations of PAH abundances in our solar system from the examination of 
carbonaceous chondrite meteorites indicate that the most common PAH species are 
2-, 3-, and 4-ring structures such as naphthalene, phenanthrene, anthracene, pyrene, 
and chrysene (Zolotov and Shock 2001). The Murchison meteorite exhibits PAH 
concentrations of 15-38 ppm with phenanthrene, fluoranthene, pyrene, chrysene, 
perylene, benzoperylene, and coronene being the most abundant species (Sephton et 
al. 2004). Electron delocalization over their carbon skeleton makes PAHs remark- 
ably stable. Indeed, these robust molecules may be the most abundant free organic 
molecules in space (Ehrenfreund and Charnley 2000). 

Calculations indicate that comets, meteorites (including micrometeorites), and 
dust from our local solar system deliver significant quantities of organic materials 
daily to the surfaces of the terrestrial planets Mercury, Venus, Earth, and Mars 
(Chyba and Sagan 1992, Flynn 1996). However, the infall rates were significantly 
greater during the period of heavy bombardment 3. 5-4. 5 Gy ago. Extending work 
by Anders (1989), Chyba and colleagues estimated that organic infall rates attribut- 
able to interplanetary dust particles (IDPs) 4.5 Gy ago were 10* to 10'® kg/year and 
the cometary organic infall rate was on the order of 10® to 10’ kg/year (Chyba et al. 
1990). The current terrestrial oceanic biomass is about 3x lO'^kg, and the total Earth 
biomass is about bxlO'^'kg. IDPs are about 10% organic material, primarily kero- 
gen. While these particles are difficult to analyze because of their small size, their 
Raman spectra are remarkably similar to the interstellar infrared emission features 
attributed to vibrational transitions in free PAHs (Allamandola et al. 1987), and mea- 
surements with a two-step laser mass spectrometer has identified a variety of PAH 
species (Clemett et al. 1993, Chyba and McDonald 1995). 

The deposition of massive quantities of PAHs to an early Earth is of significance 
for two reasons. First, in attempts to understand the origin of life either here or in 
the ISM, it is important to note that the simple act of irradiating naphthalene in ice 
in the presence of methane is sufficient to produce 13 of the 20 amino acids critical 
to biological function on this planet (Chen et al. 2008). Second, in an early Earth 
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Rest wavelength ((tm) 



FIGURE 8.3 Infrared spectra of the nuclei of three nearby galaxies, displaying the UIR 
emission features due to PAHs. (From Tielens, A.G.G.M., Annu. Rev. Astron. Astrophys., 46, 
289, 2008. With permission.) 



relatively devoid of biological activity, particularly in the absence of significant pho- 
tosynthetic primary productivity, infall or abiotically generated PAHs would serve 
as a precious source of organic carbon for nascent prokaryote communities. Such 
an environment governed by limited organic carbon resources is quite similar to the 
substrate challenge facing microbial life in PAH-contaminated Arctic and Antarctic 
ecosystems. The early appearance and evolution of PAH degradation pathways in the 
microbial life of Archean Earth would have constituted a signihcant selective advan- 
tage for the fortunate species. Increasing the availability of full genomic information 
on multiple PAH-tolerant and PAH-metabolizing species inhabiting similar carbon- 
depleted environments may eventually lead us to a new appreciation for the ancient 
nature of these pathways. If PAHs formed early in the evolution of the universe and 
arrived on Earth as one of the primary organic carbon sources, it is unlikely that 
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early microbial life would not adapt to both the challenge and the opportunity. (For 
a review of the impact of such an early interaction between life and PAHs on current 
efforts to facilitate bioremediation, see Chapter 4.) 

8.6 SUMMARY 

In this chapter, a brief outline of the pathways of organic chemistry has been pre- 
sented, beginning in the ISM (where stars and planetary systems are born), to 
comets (the most pristine objects in the solar system), and finally to meteorites 
(whose organic molecules may have been the seeds from which prebiotic chemistry 
emerged on Earth). The low-temperature, low-density environment of interstellar 
space produces a variety of organic molecules, including PAHs. These molecules 
become incorporated into the building blocks of comets and planets, where they 
may be further modified by the Sun. Finally, within the rocks of asteroids and 
meteorites, these complex organic compounds may find their way to the surface 
of a planet like Earth — supplying an inventory of prebiotic materials including 
complex hydrocarbons out of which a biosphere may emerge. If complex hydrocar- 
bons including PAHs were present from the time that life first appeared on Earth, 
then it is not surprising that we find microorganisms adapt at degrading petroleum 
hydrocarbons and even using them as a core metabolic resource in remote polar 
ecosystems. 
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9.1 INTRODUCTION 

Human activities in polar regions (continental Antarctica and regions lying north 
of the tree line in continuous permafrost in the Arctic) can result in hydrocarbon 
contamination of terrestrial ecosystems. Crude oil is extracted in the Arctic, and 
petroleum hydrocarbons are required for power generation, heating, and the opera- 
tion of vehicles, aircraft, and ships. Accidental spills of crude oil and past disposal 
practices of refined products, petroleum contamination of polar soils has occurred, 
especially around sites exploiting and distributing the northern oil reserves in the 
Arctic (Poland et al. 2003) and settlements including current and former scientific 
bases and field camps in the Antarctic (Aislabie et al. 2004). 
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Polar regions are remote, hence remediation at or near the contaminated site is 
desirable. For this reason, hioremediation is considered to be an attractive treatment 
option. As for temperate soils, the success of hioremediation is dependent on biodeg- 
radative microbes, the contaminant(s), and environmental conditions. In polar envi- 
ronments, microbes adapted to in situ conditions are most likely to be the appropriate 
organisms for hioremediation. In this chapter, we review polar soils, the sources and 
fate and types of hydrocarbons that accumulate in the soils, and the response of the 
bacterial community to fuel spills. 

9.2 CHARACTERISTICS OF POLAR SOILS 

Most of the world’s polar soils (4.5 x 10® km^) occur in the Arctic, encompassing 
northern regions of Canada, Russia, Alaska, and all of Greenland and Svalbard. 
While the continent of Antarctica is large, most of it is covered by ice caps, and less 
than 0.3% is ice free (0.05 X 10® km^). The ice-free areas of Antarctica, which include 
soils, occur in many widely scattered small areas, the largest being the McMurdo 
Dry Valleys (Tarnocai and Campbell 2002). 

The climate of the polar regions is characterized by short cold summers, with the 
active layer above the permafrost typically thawing for 1-2 months every year, and 
extremely cold winters. Mean daily air temperatures above 0°C occur only during the 
warmest part of the summer, and the temperatures fluctuate. In summer, the surface 
temperature of snow-free soils may range from below 0 to -t-20°C in a single day (Balks 
et al. 2002). The annual precipitation in polar regions is generally low, with most occur- 
ring as snow. In Antarctica, the annual precipitation averages 50 mm, but effective pre- 
cipitation is low, as most snowfall blows away or sublimes. Hence, Antarctic soils are 
typically dry. Arctic soils, in contrast, generally have higher moisture contents, espe- 
cially near the permafrost. Arctic soils may also contain ice as ice crystals, vein ice, ice 
wedges, or massive ground ice several meters thick (Tarnocai and Campbell 2002). 

Permafrost is continuous in both the Arctic and the Antarctic, and patterned ground 
is a feature of both areas. The permafrost of Antarctica is commonly ice cemented in 
coastal regions and on younger land surfaces, but dry frozen in areas of high aridity. 
The depth of the active layer depends on soil climate. In Arctic soils, the active layer 
is 25-200 cm below the surface of the soil, whereas in Antarctic soils the depth of the 
active layer ranges from <5 cm to >70 cm (Tarnocai and Campbell 2002). 

Polar soils are generally coarse texture, low in nutrients, and poorly buffered. Soil 
pH varies depending on the chemistry of the parent material. In the Antarctic, most 
soils are unvegetated, and soil pH ranges from weakly acidic in inland soils to highly 
alkaline in coastal regions. The Arctic vegetation is a nearly continuous cover of tun- 
dra shrub in the south, grading to a sparse cover of dwarf shrubs, herbs, mosses, and 
lichens in the North (Tarnocai and Campbell 2002). As with Antarctic soils, those in 
coastal Arctic environments may be alkaline (Whyte et al. 1999a). 

9.3 HYDROCARBON SPILLS ON POLAR SOILS 

Hydrocarbons are introduced into polar environments through natural and anthro- 
pogenic sources; however, most hydrocarbons on land are derived from human 
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activity. In the Arctic, crude oil spills from ruptured pipelines are the largest source 
of hydrocarbon contamination, followed by shoreline spills from tankers and resup- 
ply vessels (Poland et al. 2003). The Komi crude oil spill of 1994 in Russia, resulting 
from the rupture of a pipeline, saw thousands of tons of crude oil contaminating 
the Siberian tundra and the Kolva River. Diesel fuels are the next most common 
spills. Incidents are typically caused by infrastructure failure, human error during 
fuel transfer, sabotage, or natural hazards. In contrast to the Arctic, hydrocarbon 
contaminants in Antarctic soils are largely derived from refined petroleum prod- 
ucts (Aislabie et al. 2004). McMurdo Station, the largest scientific research station 
in Antarctica, has a storage capacity of approximately 34 million L of fuel, most 
of which is JP-8, a special mix of light petroleum distillate aviation fuel. At other 
Antarctic locations, jet fuel and diesel variants used include Special Antarctic Blend 
and Diesel Fuel Arctic (DFA). Hydrocarbon products used in lesser quantities include 
gasoline, and lubricating and engine oils. 

9.3.1 Fate of Fuel Spills on Polar Soils 

Hydrocarbons spilled on polar soils undergo naturally occurring processes that 
reduce the mass of the contaminants. Physical processes can cause the contaminants 
to disperse and become diluted and/or volatilize, whereas chemical and biological 
processes can transform the contaminants to other compounds causing them to pre- 
cipitate or sorb to the soil. These mechanisms typically occur at all sites to varying 
degrees, depending on the type and concentration of the fuel spills, soil characteris- 
tics, and climatic conditions. 

The movement of petroleum through polar soils is influenced by the formation and 
presence of ice. Light fuels such as jet fuel and gasoline readily volatilize from polar 
surface soil (Green et al. 1992), but being of low viscosity, they are also mobile and 
thus migrate down through the unfrozen active layer (Gore et al. 1999). In comparison, 
heavier fuels, such as lubricating and engine oils, are less volatile and more viscous, 
and do not appear to migrate far from the point of deposition (Gore et al. 1999). When 
the active layer is thawed, the downward movement of hydrocarbons may be limited by 
the presence of an ice-saturated lens or layer that often occurs at the top of the perma- 
frost (Chuvilin et al. 2001). Although the ice-cemented layer is a seemingly imperme- 
able barrier, hydrocarbons do move through this layer most likely through air voids in 
frozen soil (Biggar et al. 1998, McCarthy et al. 2004). In winter, oil spreads mainly on 
the surface of snow cover and/or frozen soils. A winter spill may therefore cover a larger 
surface area than a summer spill. In summer, the spill may penetrate the active layer 
and then spread laterally when it reaches the ice-cemented layer (Chuvilin et al. 2001). 

Freeze-thaw processes may also influence hydrocarbon movement in soils. It 
has been shown in sandy soil that hydrocarbons moved ahead of the freezing front, 
implying that when soils are cooled from the surface down through the active layer, 
hydrocarbons may migrate to the permafrost interface. Unlike sandy soil, oil can 
accumulate in clay soils in the frozen zone under certain temperature conditions 
(Chuvilin et al. 2001). Dissolved and particle-associated hydrocarbons in soils can be 
mobilized with soil during the thaw and contribute to the contamination of surface 
and groundwater (Kennicutt et al. 1992). 
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As discussed later in this chapter, elevated numbers of hydrocarbon degraders 
and culturable bacteria in polar soils following an oil spill indicate that hydrocarbons 
spilled on polar soils can serve as substrates for microbial growth. 



9.3.2 Petroleum- Derived Contaminants in Soil 

Hydrocarbons spilled on polar soils contain a mix of aliphatic and aromatic com- 
pounds. For example, Prudhoe Bay Crude oil, produced in Alaska, contains 78% 
saturates and 18% aromatics, whereas Norman Wells and Bent Horn crude oils 
from Canada’s Northwest Territories contain 85% and 95% saturates and 11% and 
5% aromatics, respectively; Oseberg oil from the Norwegian sector of the North 
Sea has a lower proportion of saturates (65%) and correspondingly higher aromat- 
ics (25%); and Bunker C heavy fuel oil often has almost equivalent proportions 
of saturates and aromatics, in addition to very high asphaltenes and polar frac- 
tions (Wang et al. 1998). The distribution of molecular weight classes and the 
proportion of alkyl homologues within the aromatic fractions vary considerably 
with the source and the degree of the abiotic weathering of the oil in the environ- 
ment. These factors affect biodegradation potential (Wang et al. 1998). In contrast, 
petroleum products used as fuels have a narrower, more defined composition. For 
example, JP8 jet fuel has about 80% n-alkanes in the range of with a 

maximum at Cj 2 , and 18% aromatics with <0.5% PAHs having three or more rings 
(Ritchie 2003). 

The total petroleum hydrocarbon (TPH) analysis of soil samples from the sites of 
known contamination sources on land (fuel storage tanks, fuelling stations, machine 
shops) confirms the presence of hydrocarbon contamination in polar soils (Aislabie 
et al. 2004, McCarthy et al. 2004). Although alkanes may predominate, the con- 
taminants of greatest concern are polycyclic aromatic hydrocarbons (PAHs) due to 
their potential toxicity and environmental persistence. PAH contamination is source 
dependent. PAHs entering the Arctic environment with crude oil spills could include 
naphthalene, phenanthrene, fluorene and chrysene, and their alkyl derivatives (Wang 
et al. 1998). Other sources of PAHs in the Arctic, at the landscape scale, derive from 
atmospheric deposition from fossil fuel combustion and natural sources (such as oil 
seeps, peats, and bitumen outcrops) (Macdonald et al. 2000). In Antarctica, methyl- 
naphthalenes account for the majority of the PAH contaminants (Aislabie et al. 2004, 
Kim et al. 2006). This reflects the prevalence of naphthalene and methylnaphthalene, 
and low concentrations of larger molecular weight PAHs in JP-8 jet fuel, the major 
fuel used and spilled (Ritchie 2003). At some spill sites, residual hydrocarbons were 
detected predominantly as an unresolved complex mixture (UCM). This is indica- 
tive of a number of sources including lubricating oils, motor oils, or severely biode- 
graded or weathered oils (Frysinger et al. 2003). 

Other classes of compounds present in fuel oils used in polar regions that could 
contaminate soils include anti-icing agents such as ethylene glycol, monomethyl 
ether, or diethylene glycol monomethyl ether. Tetraethyl lead was formerly also 
added to gasoline, and military grade fuels used in Antarctica by the U.S. scientific 
bases that contain antistatic and anticorrosive additives, and antioxidants. 
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9.4 RESPONSE OF SOIL MICROBIAL COMMUNITIES 
TO FUEL SPILLS 

Despite the prevailing environmental conditions in polar soils that include cold and 
fluctuating temperatures, low water-holding capacities, and low levels of nutrients, 
diverse bacterial communities are widespread in polar soils and the spillage of fuel 
typically results in an increase in culturable hydrocarbon-degrading bacteria and 
heterotrophs. Hydrocarbon degradative activity in soil indicates that the hydrocar- 
bon degraders are active in situ, conditions permitting. The observed persistence of 
hydrocarbons in soils over decades, however, indicates that in situ biodegradation 
rates must be very low. The effects of hydrocarbon contamination on the in situ 
bacterial communities are not yet well documented. 

9.4.1 Ubiquity of Hydrocarbon- Degrading Microbes 

Cold-adapted hydrocarbon-degrading microorganisms are widely distributed in 
polar soils. They have been reported, for example, in soils from Alaska (Sexstone 
and Atlas 1977), Svalbard (Rike et al. 2001) and Antarctica (Delille 2000, Aislabie 
et al. 2001). The response of the soil microbial population to crude oil or fuel spillage 
depends on soil type and depth as well as the composition of the contaminant. The 
spillage of hydrocarbons on polar soils can result in the enrichment of hydrocarbon- 
degrading microbes so that they become a significant proportion of the total cultura- 
ble microbiota. Whereas the number of hydrocarbon degraders is often low or below 
detection limits in pristine polar soils, hydrocarbon degraders have been cultivated 
at levels > 10^ g“' from contaminated polar soils. Similarly, the number of culturable 
heterotrophic microbes can increase following oil spillage but only by 1-2 orders 
of magnitude in hydrocarbon-contaminated soils compared with pristine soils. The 
detection of elevated numbers of hydrocarbon degraders in contaminated subsurface 
soils suggests increases in microbial populations parallel the downward migration 
of oil (Sexstone and Atlas 1977, Aislabie et al. 2001, Rike et al. 2001). While most 
studies have focused on hydrocarbon degraders in the thawed active layer of the 
soil, a significant number of hydrocarbon degraders have been detected at a depth 
of approximately 2.0m in frozen permafrost soil where oil was present (Rike et al. 
2001). The ratio of hydrocarbon degraders to culturable heterotrophs ranges from 1 
to <0.2, depending on the time elapsed since oil spillage (Delille 2000, Aislabie et al. 
2001). Following the application of diesel or crude oil to Antarctic soil, the number 
of hydrocarbon degraders and heterotrophs was stimulated in the first few months 
after application and then declined (Delille 2000). Hydrocarbon degraders persist in 
polar soils and have been detected in contaminated soils more than 30 years after 
the oil was spilled (Aislabie et al. 2001). These results indicate that hydrocarbon 
contaminants in polar soils can serve as substrates for microbial growth and can 
result in a sustained and enhanced number of culturable microbes, and an increased 
proportion of hydrocarbon-degrading microbes. An exception was a site at Scott 
Base, Antarctica where gasoline had been stored (Aislabie et al. 1998). Low numbers 
of culturable heterotrophs and no detectable hydrocarbon degraders at the site were 
attributed to co-contamination with organic lead. Along with hydrocarbons, the site 
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had organic lead levels 25-fold higher than that of nearby pristine sites. The other 
co-contaminants in the fuels could also influence hydrocarbon degradation in polar 
soils. Anti-icing compounds, for example ethylene glycols, have antimicrobial activ- 
ity (Ritchie 2003). It is possible that co-contaminants with antimicrobial activity 
limit the establishment and subsequent activity of hydrocarbon degraders in polar 
soils and therefore contribute to the observed persistence of hydrocarbons. 

9.4.2 Hydrocarbon Biodecradative Activity 

Hydrocarbon biodegradation studies in laboratory microcosms demonstrate that 
hydrocarbon degraders can be active in polar soils when environmental conditions 
permit. The microbial degradation of hydrocarbons has been detected in polar soils 
at low (<10°C) and even subzero temperatures (Aislabie et al. 1998, Whyte et al. 
1999a, 2001, Mohn and Stewart 2000, Eriksson et al. 2001, Bpressen et al. 2003, 
2007, Ferguson et al. 2003, Bpressen and Rike 2007), indicating that biodegradation 
can occur in cold and frozen soils. In laboratory studies, it has been demonstrated 
that although hydrocarbon mineralization occurs in soils at low temperatures, the 
rate and perhaps the extent of degradation are higher at elevated temperatures. '“^C- 
hexadecane and phenanthrene were mineralized in soil at -5°C, although at a con- 
siderably reduced rate than at 5°C (Bpressen et al. 2007). Similarly, hexadecane was 
mineralized at a faster rate and to a greater extent in Arctic soil incubated at 23 °C 
than at 5°C (Whyte et al. 1999a). In contrast, Mohn and Stewart (2000) reported 
that a change in incubation temperature from 7°C to 22°C did not affect the extent 
of mineralization of '"*C-dodecane, but did increase the rate of mineralization and 
decrease the lag time. 

In addition to low temperatures, polar soils are subjected to short-term fluctuat- 
ing temperatures and freeze-thaw cycles (Balks et al. 2002). Freeze-thaw cycles, 
however, may not inhibit hydrocarbon degradation and in some circumstances may 
enhance activity (Eriksson et al. 2001, Bpressen et al. 2007), possibly through the 
release of nutrients that are otherwise limiting. Eriksson et al. (2001) reported the 
stimulation of hydrocarbon biodegradation by alternating 24 h periods at -l-7°C and 
-5°C. However, in soil exposed to 4-, 8- or 16 day freeze-thaw cycles between -l-5°C 
and -5°C, the extent of hexadecane mineralization was stimulated in unfertilized 
soil but not fertilized soil, and phenanthrene mineralization was reduced when com- 
pared to soil microcosms exposed to constant temperature regardless of nutrient 
availability (Bpressen et al. 2007). This indicates that nutrients released from cells 
lysed by freeze-thaw cycle in unfertilized soils may have been sequestered by sur- 
viving alkane degraders that were more tolerant of freeze-thaw cycle than those that 
degrade aromatic hydrocarbons. 

Because coarse-textured soils, typical of those that occur in polar regions, have 
poor water-holding capacity, it can be difficult to maintain optimum soil moisture 
levels for hydrocarbon degradation. Low moisture content may limit hydrocarbon 
degradation, whereas high moisture content may lead to reduced oxygen availability 
for the aerobic degradation of hydrocarbons. Optimum water contents for hydrocar- 
bon degradation will depend on soil type. For a sandy Arctic soil, hexadecane min- 
eralization was reduced in soils with a moisture content of 20% compared with soils 
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with 10%, 12%, or 15% moisture contents (Bpressen and Rike 2007). In soils where 
moisture levels are elevated and oxygen is limiting, hydrocarbon degradation may 
proceed under nitrate-reducing conditions (Eriksson et al. 2003, Powell et al. 2006a), 
given sufficient electron acceptor concentrations. PAHs, including naphthalene, 
2-methylnaphthalene, fluorene, and phenanthrene, were degraded in Arctic soils 
incubated in nitrate-reducing conditions at 7°C (Eriksson et al. 2003). Similarly, 
toluene and hexadecane were degraded in fertilized oil-contaminated Antarctic soil 
under denitrifying conditions (Powell et al. 2006a). 

As with temperate soils, the amendment of polar soils with nitrogen and/or phos- 
phorus can lead to the enhancement of hydrocarbon mineralization (Braddock et al. 
1997, Aislabie et al. 1998, Mohn and Stewart 2000, Eerguson et al. 2003, Bpressen 
and Rike 2007, Bpressen et al. 2007). The mineralization of '“^C-alkanes (dodecane or 
hexadecane) or '"^C-aromatics (naphthalene or phenanthrene) was enhanced in polar 
soil following the addition of nitrogen as nitrate or ammonium (Aislabie et al. 1998, 
Mohn and Stewart 2000, Eerguson et al. 2003, Bpressen and Rike 2007, Bpressen 
et al. 2007) or commercial preparations such as 20:20:20 fertilizer (Braddock et al. 
1997, Whyte et al. 1999a, 2001), or Inipol EAP22 (Mohn and Stewart 2000). As 
polar soils often have low water-holding capacities, it can be difficult to maintain 
optimal nutrient concentrations, and hence the use of slow release fertilizers such as 
cod bone meal has been tested (Walworth et al. 2003). Although nitrogen is consid- 
ered to be the major limiting nutrient, maximal hydrocarbon biodegradation occurs 
with the supplementation of both N and P (Braddock et al. 1997, Mohn and Stewart 
2000). 



9.4.3 Hydrocarbon- Degrading Microbes Isolated from Polar Soils 

Hydrocarbon-degrading bacteria have been readily isolated from contaminated 
polar soils. The bacteria are commonly psychro tolerant rather than psychrophilic, 
growing at low temperatures (<10°C) but having an optimum growth temperature 
>15°C. As in temperate soils, hydrocarbon contamination results in the enrichment 
of heterotrophs including alkane- and/or aromatic-degrading bacteria that may 
persist at elevated levels for decades after the initial spill (Aislabie et al. 2004). 
Hydrocarbon-degrading bacteria isolated from polar soils have been assigned to 
the bacterial phyla Actinobacteria or Proteobacteria (Table 9.1). The cultivation of 
hydrocarbon-degrading microbes from cold soils typically results in the isolation 
of bacteria; however, fungi may play a role in hydrocarbon biodegradation. Eungi 
have been isolated from contaminated polar soils (Kerry 1990, Aislabie et al. 2001), 
and a recent report suggests that some fungi may use dodecane as a carbon source 
(Hughes et al. 2007). 

9.4.3.1 Hydrocarbon-Degrading Actinobacteria 

Alkane degraders belonging to the genus Rhodococcus are frequently isolated from 
polar soils (Table 9.1). Rhodococcus spp. strains 7/1, 5/1, and 5/14 isolated from 
Antarctic soil grew on a range of alkanes from hexane (Cg) through at least eicosane 
(C 20 ) and the isoprenoid compound pristane (2,6,10,14-tetramethyl-pentadecane) (Bej 
et al. 2000). The phylogenetic analysis of 16S rRNA genes from alkane-degrading 
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TABLE 9.1 

Hydrocarbon-Degrading Bacteria from Polar Soils® and Their Hydrocarbon 
Substrates for Growth 

Hydrocarbon Growth 



Bacterial Strains 


Substrate(s) 

Actinobacteria 


Reference 


Rhodococcus 5/1, 5/14, and 7/1 


JP8 jet fuel, C6-C20 n-alkanes, 
pristane 


Bej et al. (2000) 


Rhodococcus RholO 


Jet A1 , jet fuel, dodecane 


Thomassin-Lacroix 
et al. (2001) 


Rhodococcus 43/02 


JP5 jet fuel, dodecane, 
hexadecane, pristane 


Saul et al. (2005) 


Rhodococcus 3/1 and 3/2 


Hexadecane 


Aislabie et al. (2008) 


Gordonia 3/3, 3/4, 5/2, and 5/4 


Hexadecane 


Aislabie et al. (2008) 


Unclassified Corynebacterineae 5/3 


Hexadecane 

Proteobacteria 


Aislabie et al. (2008) 


Pseudomonas BI7 and BIS 


C5-C12 n-alkanes, toluene, 
naphthalene 


Whyte etal. (1997) 


Pseudomonas Cam-1 and Sag-50G 


Biphenyl 


Master and Mohn (1998) 


Pseudomonas DhA-9 1 


Jet A-1 jet fuel, octane, 
dodecane 


Yu et al. (2000) 


Pseudomonas IpA-92 and IpA-93 


Toluene and/or benzene 


Yu et al. (2000) 


Pseudomonas Ant 5 


JP8 jet fuel, naphthalene, 
2-methylnaphthalene 


Aislabie et al. (2000) 


Pseudomonas Ant 9 


JP8 jet fuel, p-xylene, 

1 ,2,4-trimethylbenzene 
naphthalene, 1 - and 2-methyl 
naphthalene 


Aislabie et al. (2000) 


Pseudomonas 7/22 


JP8 jet fuel, toluene, m- and 
p-xylene, 1,2,4-trimethyl 
benzene 


Aislabie et al. (2000) 


Pseudomonas Ps 8 


Jet A-1 fuel, hexadecane. 


Thomassin-Lacroix 




pristane 


et al. (2001) 


Pseudomonas PK4 


Pyrene, dodecane, hexadecane 


Eriksson et al. (2002) 


Pseudomonas 5B 


JP8 jet fuel, hexane 


Eckford et al. (2002) 


Pseudomonas 5A 


JP-8, benzene, toluene, 
m-xylene 


Eckford et al. (2002) 


Pseudomonas K319 


Pyrene 


Eriksson et al. (2002) 


Sphingomonas Ant 20 


JP8 jet fuel, 1 -methyl 
naphthalene, phenanthrene 


Aislabie et al. (2000) 


Sphingomonas 43/03 


Phenanthrene 


Saul et al. (2005) 


Sphingobium (“Sphingomonas”) DhA-95 


Jet A-1 jet fuel, dodecane, 
pristane 


Yu et al. (2000) 


Sphingobium (“Sphingomonas”) 44/02 


Phenanthrene 


Saul et al. (2005) 
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TABLE 9.1 (continued) 

Hydrocarbon-Degrading Bacteria from Polar Soils® and Their Hydrocarbon 
Substrates for Growth 

Hydrocarbon Growth 

Bacterial Strains Substrate(s) Reference 

Sphingobium (“ Sphingomonas” ) Ant 17 JP8 jet fuel, m-xylene, 1- and Aislabie et al. (2000) 

2-methylnaphthalene, 

dimethylnaphthalenes, 

2-ethylnaphthalene, fluorene, 
phenanthrene 

Alkanindiges Hexadecane Aislabie et al. (2009) 

Note: All of the bacteria listed have been identified to genus level by 16S rRNA gene sequence 
analysis. 

“ Updated from Aislabie et al. (2006). 



bacterial isolates indicates that Rhodococcus spp. from polar soils group with R. 
erythropolis or R. fascians and other Rhodococcus isolates from cold soils such 
as Rhodococcus Q15 (Aislabie et al. 2006). Alkane-degrading Actinobacteria iso- 
lated from ornithogenic Antarctic soil, including isolates identified as Rhodococcus, 
Gordonia, or an unclassified Corynebacterineae, mineralized hexadecane when 
grown with either ammonium nitrate or uric acid as sole nitrogen source (Aislabie 
et al. 2008). Although Rhodococcus isolates are reported to degrade aromatic com- 
pounds, the isolates from polar soils appear to degrade alkanes exclusively (Table 
9.1). To aid alkane degradation, some Actinobacteria produce biosurfactants with 
emulsifying properties that assist direct contact with alkanes (Whyte et al. 1999b, 
Vasileva-Tonkeva and Gesheva 2005). 

9.4.3. 2 Hydrocarbon-Degrading Proteobacteria 

Hydrocarbon-degrading Proteobacteria isolated from polar soils frequently belong 
to the genera Pseudomonas, Sphingomonas or Sphingobium (including some iso- 
lates formerly classified as Sphingomonas) (Table 9.1). They may utilize aromatics 
and/or alkanes as growth substrates. Pseudomonas sp. strains BI7 and BIS, isolated 
from petroleum-contaminated Arctic soil, for example, utilized C 5 to C 12 n-alkanes 
and the aromatic compounds naphthalene and toluene (Whyte et al. 1997). In con- 
trast, Sphingobium sp. Ant 17 did not degrade alkanes but did degrade numerous 
compounds in the aromatic fraction of crude oil, jet fuel, and diesel fuel (Baraniecki 
et al. 2002 ), and utilized many aromatic compounds for growth, including m-xylene, 
naphthalene and its methyl derivatives, and fluorene and phenanthrene. 

Cold-tolerant hydrocarbon-degrading Pseudomonas strains, including the Arctic 
isolate BI7 and the Antarctic strain Ant 9, cluster together by 16S rRNA gene analysis 
with Pseudomonas syringae (Aislabie et al. 2006), whereas others cluster with P.flu- 
orescens or P. stutzeri. Sphingobium isolates Ant 17, 44/02, and DhA-95 cluster with 
Sphingobium chlorophenolica and are related to aromatic -degrading Sphingobium 
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spp. from globally distributed sources (Aislabie et al. 2006). Sphingomonas sp. Ant 
20 has been assigned to the species S. aerolata. 

Some Proteobacteria such as Pseudomonas spp. 5A and 5B fix nitrogen in addi- 
tion to utilizing mono-aromatic hydrocarbons or hexane, respectively (Eckford 
et al. 2002), whereas others degrade hexadecane under denitrifying conditions 
(Powell et al. 2006b). Recently we isolated a hydrocarbon-degrading bacterium from 
ornithogenic soil identified as Alkanindiges CH71 (Aislabie et al. 2009). Like the 
type strain Alkanindiges illinoisensis, Alkanindiges CH71 grew weakly or not at all 
on rich media (e.g., R2A) without hydrocarbons (Bogan et al. 2003). 

9.4.4 Effect of Hydrocarbon Contamination on 
In Situ Bacterial Communities 

Because only a small percentage of microbes in the environment can be cultivated 
in the laboratory and typically differ markedly from the genera detected by culture- 
independent methods, the significance in situ of the hydrocarbon-degrading bacteria 
isolated from polar soils must be questioned (see Section 9.4.3). Hence culture- 
independent methods have heen employed to determine the impacts of hydrocarbon 
contamination on the diversity of bacterial communities in polar soils. These meth- 
ods utilize biomarker genes, such as the phylogenetic gene, that encode 16S rRNA 
or functional genes to identify bacteria or potential bacterial functions in naturally 
occurring microbial populations without the need for culturing them (Whyte et al. 
1999a, 2001, Juck et al. 2000, Saul et al. 2005, Powell et al. 2006c). 

9.4.4.1 In Situ Bacterial Diversity 

The presence of hydrocarbons in polar soils can result in an increased abundance of 
culturable bacteria. Using cultivation-independent molecular tools, however, it has 
been revealed that the effect on the in situ bacterial communities is variable and may 
depend on soil type. In some soils, an increase in bacterial diversity has been observed 
(Juck et al. 2000, Aislabie et al. 2009) whereas other soils show a decrease (Saul 
et al. 2005). The cold-adapted bacterial communities in petroleum-contaminated 
and control soils from Alert, Nunavut were analyzed using the DGGE separation of 
16S rDNA PGR fragments (Juck et al. 2000). A comparison of the overall microbial 
molecular diversity suggests diversity was maintained or increased in the oiled soil 
compared with the control soil. The sequencing of selected 16S rDNA bands from 
the gels revealed the prevalence of Actinobacteria and Proteobacteria. Many of the 
Actinobacteria were related to Nocardioides, some of which have subsequently been 
isolated from cold soils and shown to metabolize hydrocarbons (Vasileva-Tonkova 
and Gesheva 2005). 

16S rRNA gene clone libraries were prepared from total community DNA extracted 
from two soil depths in hydrocarbon-contaminated and control mineral soils near 
Scott Base on Ross Island (Saul et al. 2005), and an ornithogenic soil sample from the 
site of a former research station at Cape Hallett (Aislabie et al. 2009). Clones numeri- 
cally dominating the respective samples were sequenced. In the mineral soil, members 
of the Phlya Acidobacteria, Bacteroidetes, Deinococcus/Thermus, Firmicutes, and 
Candidate TM7 occurred exclusively in the control soils, whereas the contaminated 
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soils were dominated by Alpha-, Beta-, and Gammaproteobacteria, specifically 
members of the genera Sphingomonas, Sphingobium (including former Sphingomonas 
isolates). Pseudomonas, or Variovorax. Members of the Actinobacteria were found 
in both oiled and control soils. However, whereas Rubrobacter were most prevalent 
in the control soil, Rhodococcus spp. were prevalent in the oiled soil. Similar results 
were obtained for both soil layers analyzed. Hydrocarbon-degrading bacteria iso- 
lated from the oiled mineral soil were identified as Sphingomonas, Sphingobium, 
Pseudomonas, and Rhodococcus. 

In the ornithogenic soil, Gammaproteobacteria dominated the control and oiled 
soils (Aislabie et al. 2009). However, Gammaproteobacteria dominating the con- 
trol soil were most closely related to Rhodanobacter or Dokdonella, while those 
in the oiled soils were related to Psychrobacter and Alkanindiges. Bacteroidetes 
and Gemmatimonadetes occurred exclusively in the control soil, whereas 
Alphaproteobacteria occurred exclusively in the oiled soil. The contamination of 
ornithogenic soil with hydrocarbons appears to have resulted in an increase in bac- 
terial diversity in the high organic surface layers. In the subsurface mineral layer, 
however, a single ribotype related to Alkanindiges had a relative abundance of 0.39. 
Alkanindiges subsequently isolated from the subsurface layer of the ornithogenic soil 
was shown to metabolize alkanes. 

In mineral soil, the spillage of oil can lead to a decrease in overall soil bacterial 
diversity (Saul et al. 2005) whereas in low diversity ornithogenic soils an increase in 
bacterial diversity was detected in the surface organic soil layer but a decrease in sub- 
surface mineral layer (Aislabie et al. 2009). Many of the dominant bacteria detected 
in hydrocarbon-contaminated polar soils have been assigned to the Proteobacteria 
(e.g.. Pseudomonas, Sphingobium, Sphingomonas, Alkanindiges) or Actinobacteria 
(Rhodococcus or Nocardioides), indicating that members of these genera (most of 
which are listed in Table 9.1) are likely to play a role in hydrocarbon degradation 
in situ. 

9.4.4. 2 Detection of Functional Genes 

Functional genes encoding enzymes for hydrocarbon degradation from bacterial iso- 
lates, both mesophiles and psychrophiles, have been used to probe hydrocarbon-con- 
taminated and control cold soils for the presence of microbes with a genetic potential 
to degrade hydrocarbon contaminants (Whyte et al. 1999a, 2001, 2002, Laurie and 
Lloyd-Jones 2000, Flocco et al., 2009) and to determine the impact of soil treatment 
methods on gene copy number (Powell et al. 2006c). 

The genes encoding the alkane hydroxylase system (typically comprising a 
particulate, integral-membrane alkane monooxygenase, and a soluble rubredoxin 
and rubredoxin reductase) have homologues in Pseudomonas putida as well as in 
Acinetobacter and Rhodococcus spp. The hybridization of DNA extracted from 
polar soils with four alkane monooxygenase genotypes from P. putida (Pp alkB), 
Rhodococcus spp. (Rh alkBl and Rh alkB2), and Acinetobacter calcoaceticus (Ac 
alkM) revealed that Rh alkBl and Rh alkB2 homologues are common in both con- 
taminated and control polar soils, and Rh alkBl was more prevalent in culturable 
psychrotolerant bacteria. Pp alkB homologues were commonly detected in contami- 
nated soil but Ac alkM homologues were rare (Whyte et al. 2002). Based on these 
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results, Whyte et al. (2002) proposed that Rhodococcus is the predominant alkane 
degrader in both pristine and contaminated cold soils, whereas Pseudomonas may 
become enriched by the presence of contaminant hydrocarbons, and Acinetobacter 
is rare. Powell et al. (2006c) have recently developed a real-time PCR method to 
quantify the portion of microorganisms containing alkane monooxygenase. When 
applied to Antarctic soils undergoing bioremediation, it was revealed that the num- 
ber of alkB genes in the soil increased in response to fertilizer application and then 
decreased as the concentration of n-alkanes in the soil decreased. 

In contrast to alkane degradation genes present in cold tolerant bacteria, the 
genes used for aromatic degradation by cold-adapted bacteria do not appear to 
differ significantly from those identified in mesophilic isolates. Both Whyte et al. 
(1996) and Ma et al. (2006) found that catabolic genes from several aromatic- 
degrading psychrotolerant strains had homology to those described in mesophilic 
bacteria. The aromatic degradation genes may be either located on plasmids or 
the chromosome. Various PAH-degrading Pseudomonas strains isolated from 
Antarctic soil carried the ndo gene encoding naphthalene dioxygenase on a large 
self-transmissible plasmid that could be transferred to mesophilic strains (Ma et 
al. 2006). This indicates that horizontal gene transfer might play a role in the 
transfer of hydrocarbon degradation genes from outside polar regions to indig- 
enous species. The probing of polar soil DNA extracts has revealed the presence 
of the archetypal catabolic genotypes ndoB and/or xylE (encoding 2,3-catchol 
dioxygenase) in various contaminated soils (Whyte et al. 1999a, 2001, Flocco et 
al. 2009). The phnAc gene encoding an aromatic dioxygenase subunit has been 
detected in pristine Antarctic soil following enrichment with naphthalene or 
phenanthrene (Laurie and Lloyd-Jones 2000). 

9.5 SUMMARY 

Hydrocarbon spills on soil result in higher levels of soil carbon, which may either 
serve as substrate for microbial growth or prove toxic to microbial growth and 
activity. The observed increase in hydrocarbon degraders in polar soils following 
spillage indicates that in these soils hydrocarbons can serve as a carbon source. 
While most research has considered hydrocarbon degradation in the active layer, 
a substantial number of hydrocarbon degraders have also been detected in perma- 
frost soils. Soils conditions that may limit hydrocarbon degradation include low 
and fluctuating temperatures, and low levels of moisture and nutrient availability. 
A few studies indicate that hydrocarbon spills have a variable effect on the diver- 
sity of in situ bacterial communities. Many of the dominant bacteria detected in 
hydrocarbon-contaminated polar soils have been assigned to the Proteobacteria (e.g.. 
Pseudomonas, Sphingomonas, or Sphingobium) or the Actinobacteria (Rhodococcus 
and Nocardioides). Hydrocarbon-degrading bacteria belonging to these phyla are 
commonly cultured from hydrocarbon-contaminated polar soil. As the genes used 
for aromatic degradation in cold-adapted bacteria are often located on plasmids, 
and do not appear to differ from those identified in mesophilic strains, it has been 
proposed that horizontal gene transfer may play a role in the transfer of hydrocarbon 
degradation genes from mesophilic to psychrophilic regions. 
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10.1 INTRODUCTION 

The activities of the oil production and transport industries in the polar regions of 
the world represent a continuous risk for releases of petroleum to these marine envi- 
ronments. While oil production has progressed for several decades in the American 
Arctic, more recently focus has been placed on large oil and gas fields in the European 
Arctic (e.g., Barents Sea region). Despite strict governmental regulations being 
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placed on the oil industry in these areas, small accidental releases from exploration 
and production may have impacts on the local marine environment. In addition, the 
possibilities of blowouts and oil tanker accidents represent a continuous threat to 
these vulnerable polar environments. 

In polar regions, spilled oil may reach the marginal ice zone and become ice- 
infested. Owing to increasing temperatures in the Arctic, it is expected that more of 
the polar ice will become one-year ice. Subsequently, a second discharge of the oil 
to seawater occurs as this thin ice melts. During the ice-infested period, the oil may 
be transported for long distances away from the source area (Pfirman et ah, 1995). 
If the oil reaches shallow water some of it may be sequestered in seabed sediments 
after association to suspended particles, and/or the oil may become stranded on the 
shoreline. However, considerable quantities of the oil will remain present in the sea- 
water column as dissolved compounds or dispersions until removed through biotic 
or abiotic processes. Eventually, some of the emulsified oil may be incorporated in 
small tarballs that can be transported over large distances. 

Biodegradation represents an important natural removal process for petroleum 
compounds released into the marine environment. When oil is spilled in open sea- 
water, the process of biodegradation is initiated immediately. However, the rate and 
extent of the degradation depends strongly on a variety of factors, which include both 
oil characteristics and environmental conditions. Several reviews have described oil 
biodegradation in marine environments (e.g.. Atlas, 1981, 1984; Leahy and Colwell, 
1990; Prince, 1993; Swannell et al., 1996; Harayama et ah, 1999, 2004; NRC, 
2003; Van Hamme et ah, 2003; Venosa and Zhu, 2003). In contrast, oil biodegra- 
dation in cold environments has only been reviewed in a few cases (e.g., Margesin 
and Schinner 1999, 2001; Brakstad 2008). These reviews have focused mainly on 
biodegradation and bioremediation in marine sediments rather than the seawater 
column. However, in this chapter we will mainly concentrate on the interactions 
between discharged oil and marine microorganisms in cold seawater and marine 
ice. We will also discuss some of the concerns related to persistent oil compounds 
in polar regions. 

10.2 OIL CHARACTERISTICS IN COLD SEAWATER AND ICE 

In order to describe microbial interactions with crude oil in cold marine environ- 
ments it is fundamental to understand the physical-chemical characteristics of crude 
oils and oil compounds in these environments. 

10.2.1 Oil Discharges 

Following release to the environment, petroleum hydrocarbons will gradually 
weather due to natural physical and chemical processes, including spreading, evapo- 
ration, dispersion, emulsification, dissolution, biodegradation, and chemical modi- 
fication by oxidative processes. The first processes significantly affecting a surface 
oil spill are evaporation, spreading, dissolution, and dispersion. These processes 
can significantly effect the composition and concentration of the seawater soluble 
fraction of spilled crude oil and thus determine its early impact on marine biota. 
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For example, evaporation is most important in the first few days following the spill 
and will determine how rapidly toxic volatile crude oil compounds (e.g., BTEX) are 
removed into the atmosphere. Conditions supporting rapid evaporation can lead to 
lower concentrations of volatile compounds in the seawater soluble fraction. In con- 
trast, biodegradation is not considered a significant removal process (regarding oil 
spill contingency) until 1-2 weeks after the spill. 

In polar regions, low temperatures and the absence of waves in waters with ice 
floes act to reduce oil spreading, evaporation, emulsification, and dispersion (e.g., 
Brandvik and Faksness, 2009). The fate of discharged oil compounds in these areas, 
therefore, differs from those in temperate or tropical regions. Wax and asphaltene 
contents, for example, in combination with temperature-dependent oil viscosity 
and weathering processes, are important for the fate of the oil in cold-water condi- 
tions (Brandvik et al., 2004; Brandvik and Faksness, 2009). Ultimately, the oil may 
become entrapped in the ice, although the time required for this to occur is depen- 
dent on conditions such as air-ice-water temperature, ice thickness, and quantity 
of oil to be encapsulated. Once trapped within the ice, ocean currents can trans- 
port spilled oil over large distances. A secondary discharge situation occurs during 
the spring melt season and, if the ice has been transported from the original spill 
site, this can result in the pollution of new and unexpected locations. In the spring 
and summer seasons, the chemical alteration of the crude oil through photooxida- 
tion may also become an important degradation process. Although the immediate 
impact of oil spills on ice has been studied (e.g., Fingas and Flollebone, 2003) and 
is fairly well understood, little is known about the long-term fate and effects of such 
pollutants on ecosystems in polar environments. 

10.2.2 Spreading of Oil 

The behavior of oil spilled in cold seawater or on ice is largely dependent on the oil 
type and therefore its chemical composition and properties. Owing to differences in 
the aqueous solubility and toxicity of individual oil components, the transport, migra- 
tion, and environmental impact of different oils remain important areas of study. Field 
experiments conducted on Svalbard have shown that increased ice coverage reduces 
the rate of oil weathering processes due to higher film thickness and reduced wave 
energy (Brandvik and Faksness, 2009). The increased film thickness decreases the 
evaporative losses, and the lower energy input reduces the emulsification of water 
droplets into the oil. In addition, oil spilled in the Arctic marine environment can 
be rapidly frozen into the ice, effectively locking it away before it can spread. Once 
entrapped, the oil will become partly preserved as evaporation, dissolution, and 
biodegradation are expected to be signihcantly reduced. In such cases, the oil will 
retain much of its potential toxicity upon release from the ice, which is typically via 
transport in the brine channels and/or eventual break up and melting of the ice. 

10.2.3 Whole Oil and Individual Compound Behavior in Ice 

Sea ice in polar regions constitutes an important habitat for a variety of marine organ- 
isms ranging from bacteria to crustaceans. Specifically, the interstitial system of 
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brine channels and pockets provides the habitats of sea ice organisms (Weissenberger 
et al., 1992). Brine channels in first-year ice occur throughout the growing season; 
however, their size and spatial frequency increases as the ice warms. The major brine 
channel growth period occurs in the spring when the air temperature increases and 
the ice warms toward the melting point. The most important oil transport mecha- 
nism is the opening of the top-to-bottom brine channels, which allows the oil to both 
rise through the ice to the surface, and to permeate the channel system within the 
ice (Martin, 1979; Dickins et al., 2008; Faksness and Brandvik, 2008b). Migration 
rates of oil in brine channels are thought to vary as a function of oil properties and 
chemical composition. The encapsulated oil will subsequently be released during the 
spring melt as the ice sheet deteriorates. Oil escapes from the ice sheet by a combina- 
tion of two general processes: vertical rise of the oil through the brine channels and 
ablation of the ice surface down to the entrapped oil (Fingas and Flollebone, 2003). 
Exposed oil on the ice surface may further adsorb heat from the Sun and increase 
the surface water temperature (Fingas and Flollebone, 2003), propagating the ice- 
melting process. 

To date, few studies have attempted to determine the transport and fate of individ- 
ual water-soluble oil components in sea ice. Flowever, data from some recent studies 
have shown that the more water-soluble compounds (mainly naphthalenes, phenan- 
threnes, and dibenzothiophenes) migrate through the brine channels in the ice. As a 
result, such compounds come into contact with sea ice microbes in the brine and the 
underlying water (Faksness and Brandvik, 2008a, b). 

10.3 MARINE MICROBES INVOLVED IN COLD 

ENVIRONMENT CRUDE OIL BIODEGRADATION 

Several studies over the last 30 years have shown that the growth of psychrophilic 
bacteria in seawater is stimulated by the presence of oil hydrocarbons (e.g., Cundell 
and Traxler, 1976; Delille and Vaillant, 1990; Delille and Siron, 1993, Siron et al., 
1995; Brakstad and Bonaunet, 2006). Typical growth curves in marine culture media 
for heterotrophic (Marine Broth) and oil-degrading (Bushnell-Haas broth with fresh 
oil as carbon source) microbes at a temperature of 0°C are shown in Figure 10.1. In 
both cases, a significant increase in the number of bacterial cells was observed after 
only a few days. A few studies have also shown that bacterial growth in marine ice 
is stimulated by oil pollution. The long-term effects of diesel fuel and crude oil on 
microbial communities were investigated over 9 months in Antarctic land-fast ice 
(Terre Adelie). In these studies a three orders of magnitude increase in bacterial 
counts occurred in sea ice contaminated with diesel and crude oil, and the pro- 
portion of oil-degrading bacteria increased from <0.001% (uncontaminated ice) to 
10% of the community after 30 weeks of contamination (Delille et al., 1997). In a 
recent 4 month winter field study at Svalbard (Van Mijen Fjord), Arctic fjord ice 
was contaminated with fresh crude oil in February and polluted ice cores sampled 
monthly from March to June. The total concentrations of bacteria-like particles were 
determined using epifluorescence microscopy after nucleic acid staining (DAPI). 
The concentrations were nearly five times higher in oil-contaminated sections of 
ice cores than in corresponding clean core sections at the end of the field study. 
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FIGURE 10.1 Typical growth curves for enrichment cultures grown at 0“C in seawater- 
based media for heterotrophic and oil-degrading microbes. Marine Broth 2216 was used 
for heterotrophic microbes and marine Bushnell-Haas with 1% paraffinic crude oil for oil- 
degrading microbes. 




In addition, concentrations of heterotrophic microbes growing on nutritious media 
(Marine Agar 2216) were approximately 10 times higher in the oil-contaminated sec- 
tions than in the clean core sections. However, the concentrations of oil-degrading 
bacteria (most probable number measurements in marine Bushnell-Haas broth with 
crude paraffinic oil as carbon source) were not clearly related to the presence of the 
oil in this study (Brakstad et al., 2008). 

The ability to metabolize hydrocarbons has been detected in a wide variety 
of microbial genera, including bacteria, fungi, alga, and diatoms (Prince, 2005). 
Although archaea have typically been associated with the oxidation of small hydro- 
carbons such as methane, they have also been reported to be involved in the deg- 
radation of long-chain alkanes (Zengler et al., 1999; Anderson and Lovley, 2000). 
However, during oil spill remediation studies in temperate regions (marine intertidal 
flats, Somerset, United Kingdom), archaea were found to play an insignificant role in 
the degradation of petroleum hydrocarbons (Roling et al., 2004). 

Hydrocarbon-degrading bacteria associated with temperate seawater usually 
include members of the classes Alphaproteobacteria and Gammaprotobacteria, typi- 
cally represented by the genera Roseobacter and Alcanivorax (Harayama et al., 1999; 
Chang et al., 2000; Kasai et al., 2002; Brakstad and Lpdeng, 2004). Table 10.1 shows 
the bacterial genera reported to be associated with hydrocarbon degradation in Arctic 
or Antarctic seawater and marine ice. The pollution of cold seawater or marine ice 
with crude oil or oil compounds typically results in shifts of bacterial communi- 
ties with a relative increase in the abundance of comparatively few genera. When 
seawater collected from the Antarctic Ross Sea (Terra Nova Bay) was contaminated 
with evaporated crude oil, enrichment cultures grown at 4°C were predominated 
by members of Colwellia, Oleispira, and Acinetobacter, which accounted for 76% 
of sequenced 16S rDNA clones (Yakimov et al., 2004). A recent study comparing 
the bacterial diversity in clean and oil-amended sub-Antarctic seawater (collected 
outside Ushuaia, Argentina) revealed increases in the Gammaproteobacteria genus 
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TABLE 10.1 

Polar Bacteria Associated with Biodegradation of Oil Compounds in Cold 


Seawater and Marine Ice 
Phylogenetic Group Genus 


Bacterial Origin* 
Seawater Marine Ice 


Sources 


Alphaproteobacteria 


Sphingomonas 


Ant 




Yakimov et al. (2004) 


Betaproteobacteria 


Erythrobacter 

Pelagibacter 

Unidentified 

Variovorax 


Ant 

Ant 


Arct 

Arct 


Yakimov et al. (2004) 
Brakstad et al. (2008) 
Pradagaran et al. 
(2006), Yakimov 
et al. (2004) 

Gerdes et al. (2005) 


Gammaproteobacteria 


Delftia 

Unidentified 

Glaciecola 




Arct 

Arct 

Arct 


Gerdes et al. (2005) 
Gerdes et al. (2005), 
Brakstad et al. (2008) 
Brakstad et al. (2008) 




Marinobacter 


Ant/Arct 


Arct 


Gerdes et al. (2005), 




Marinobacterium 

Halomonas 


Ant 


Arct 

Arct 


Deppe et al. (2005), 
Yakimov et al. (2004) 
Brakstad et al. (2008) 
Gerdes et al. (2005), 




Pseudomonas 


Ant/Arct 


Arct 


Yakimov et al. (2004) 
Gerdes et al. (2005), 




Pseudoalteromonas 


Ant/Arct 


Arct 


Yakimov et al. (2004) 
Deppe et al. (2005), 




Shewanella 


Ant/Arct 


Arct 


Brakstad et al. 
(2008), Yakimov 
et al. (2004) 

Gerdes et al. (2005), 




Colwellia 


Ant 


Arct 


Deppe et al. (2005), 
Yakimov et al. (2004) 
Brakstad et al. (2008), 




Marinomonas 


Ant 


Arct 


Yakimov et al. (2004) 
Brakstad et al. (2008), 




Psychrobacter 

Oleispira 


Ant 

Ant 


Arct 


Yakimov et al. (2004) 
Pradagaran et al. 
(2006) 

Pradagaran et al. 




Unidentified 


Ant 


Arct 


(2006), Brakstad 
et al. (2008), 

Yakimov et al. (2004) 
Pradagaran et al. 


Deltaproteobacteria 


Halangium 




Arct 


(2006), Brakstad 
et al. (2008), 

Yakimov et al. (2004) 
Brakstad et al. (2008) 
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TABLE 10.1 (continued) 

Polar Bacteria Associated with Biodegradation of Oil Compounds in Cold 
Seawater and Marine Ice 



Bacterial Origin* 



Phylogenetic Group 


Genus 


Seawater 


Marine Ice 


Sources 


Epsilonproteobacteria 


Arcobacter 


Ant 




Pradagaran et al. 
(2006), Yakimov 
et al. (2004) 


Bacteroidetes 


Cytophaga 


Ant 




Pradagaran et al. 
(2006), Yakimov 
et al. (2004) 




Polaribacter 

Ulvibacter 

Tenacibaculum 


Ant 

Ant 

Ant 


Arct 


Pradagaran et al. 
(2006), Gerdes et al. 
(2005) 

Pradagaran et al. 
(2006) 

Pradagaran et al. 
(2006) 




Flavobacteria 


Arct 


Arct 


Gerdes et al. (2005) 


Actinobacteria 


Actinomycetales 


Arct 


Arct 


Gerdes et al. (2005) 




Agreia 


Arct 


Arct 


Gerdes et al. (2005), 
Deppe et al. (2005) 


Firmicutes 


Clostridium 


Arct 


Arct 


Gerdes et al. (2005) 



Note: The genera were characterized by sequence analyses of the bacterial 16S rRNA gene. 
* Ant = Antarctic; Arct = Arctic. 



Psychrobacter and the Bacteroidetes genus Polaribacter. In contrast, the contribu- 
tion of Alphaproteobacteria (Roseobacter, Sufitobacter) was reduced in oil-polluted 
seawater compared to clean seawater (Prabagaran et al., 2006). In a study of enrich- 
ment cultures from Arctic seawater (Svalbard), the genera Pseudoalteromonas, 
Shewanella, and Marinobactei were found to be associated with crude oil biodegra- 
dation (Deppe et al., 2005). 

Bacterial communities in Arctic marine ice stimulated by the presence of crude 
oil have been investigated in two recent studies (Gerdes et al., 2005; Brakstad et al., 
2008). In one experiment, samples of marine ice were melted and incubated with 
crude oil at 1°C for 1 year. Strong shifts in community compositions were revealed 
in the oil-contaminated samples, with a predominance of the genera Marinobacter, 
Shewanella, and Pseudomonas (Gerdes et al., 2005). In the Svalbard field study 
described earlier, oil-contaminated ice cores were dominated by members of the 
genera Colwellia and Marinomonas toward the end of the study (April and June 
samples). While these genera constituted 77% of the 16S rDNA clone library in oil- 
contaminated samples, they were not detected in the library from corresponding 
clean ice cores (Brakstad et al., 2008). Several of the bacterial phylotypes described 
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in these studies are typically psychrophilic and associated with polar seawater 
and ice in both the Arctic and Antarctic (Bowman et al., 1997; Junge et al., 2002; 
Brinkmeyer et al., 2003; Zeng et al., 2007). 

10.4 BIODEGRADATION OF OIL IN COLD 
MARINE ENVIRONMENTS 

In general, the biodegradation of oil compounds is expected to follow the order 
n-alkanes > branched alkanes > low molecular weight aromatics > cyclic alkanes 
(Perry, 1984). In cold seawater, the same order is expected, although degradation 
will be highly influenced by the physical-chemical characteristics of the oil. The low 
temperature affects both dissolution from the nonaqueous (crude oil) to the aqueous 
phase (Schluep et al., 2001), and the evaporation of volatile compounds. The reduced 
volatilization of toxic BTEX may result in delayed biodegradation at high concentra- 
tions due to their acute toxicity to microorganisms (Atlas and Bartha, 1972; Hokstad 
et al., 1999). Under ice conditions, BTEX may be transported by the ice brine to the 
seawater below the ice (Payne et al., 1991). Eor wax-rich oils with high pour points, 
dilution and dispersion may be reduced in cold seawater since precipitated wax may 
build a matrix that limits the internal mixing of the oil and acts as a diffusion barrier 
between the oil and the water. Important factors influencing the biodegradation of 
crude oil in cold marine environments include temperature, ice, light conditions, and 
the abilities of naturally occurring microbial communities to biodegrade oil com- 
pounds under these conditions. 

10.4.1 Seawater 

At temperatures above the freezing point of seawater (approx -1.8°C), the bio- 
degradation of crude oil hydrocarbons is well documented. Eigure 10.2 shows the 




FIGURE 10.2 Mineralization in seawater at 0°C of '“'C-labeled hydrocarbons spiked in 
crude oil. No mineralization was measured in sterile controls (not shown). (From Brakstad, 
O.G. and Bonaunet, K., Biodegradation, 17, 71, 2006. With permission.) 
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mineralization curves of ^'^C-labeled naphthalene, phenanthrene, and hexadecane in 
seawater at 0°C when the compounds were spiked into crude paraffinic oil. The deg- 
radation of the n-alkane (hexadecane) was faster than for the aromatic compounds, 
and the smaller aromatic (naphthalene; 2-ring) degraded faster than the larger homo- 
logue (phenanthrene; 3-ring). This pattern followed the generally accepted order of 
crude oil compound biodegradation described earlier. However, most biodegrada- 
tion experiments with crude oil have been conducted at seawater temperatures more 
relevant for temperate regions than for the cold water of polar environments. The 
temperature-related plots have, therefore, been used to transpose results of bacterial 
metabolism and growth between different temperatures. Temperature-related bacte- 
rial growth rates may be determined by using modified Arrhenius plots (Arrhenius, 
1889). Ideally, Arrhenius plots should show temperature-related linearity. However, in 
a study with psychro trophic toluene-degrading strains of P. putida grown on toluene 
or benzoate, growth rates had to be fitted using two linear segments at a temperature 
range of 4°C-30°C, one segment above and one below 17°C-20°C (Chablain et ak, 
1997). In Arrhenius plots, the temperature range should therefore not be too broad. For 
water-soluble compounds, temperature-dependent biodegradation has been suggested 
to follow a QjQ-value, which is a factor describing the degradation rate increases when 
temperatures are raised by 10°C. The Qjg -values were determined in a seawater-based 
hydrocarbon biodegradation study with a heavy fuel oil (Bunker C), and with winter 
or summer water samples from the North Sea as inocula. When incubation tempera- 
tures of 4°C-18°C were used, Qjg-values of 2.4 and 2.1 were determined for waters 
in winter and summer, respectively, when biodegradation was measured as biological 
oxygen demand (Minas and Gunkel, 1995). 

Temperature affects both physical and biochemical oil weathering characteristics. 
This is exemplified in Figure 10.3, which shows both the dissolution and biodegrada- 
tion of compounds from thin oil films submerged in cold seawater at two tempera- 
tures, 5°C and 0°C (Brakstad and Bonaunet, 2006). The n-alkane fraction (n-Cjj 
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FIGURE 10.3 Depletion of the crude oil compounds n-alkanes, naphthalenes and PAH 
from immobilized thin oil films (-10 pm thickness) submerged in natural seawater at 0°C 
and 5“C for 56 days. (From Brakstad, O.G. and Bonaunet, K., Biodegradation, 17, 71, 2006. 
With permission.) 
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to M-C 35 ) was not water-soluble and biodegradation represented the only depletion 
mechanism from the oil film. This process showed a clear temperature-dependence 
with higher degradation at 5°C than at 0°C. In contrast, the Cq to C 4 -alkylated naph- 
thalenes were water-soluble, and the depletion mechanism from the oil film was 
almosf entirely through dissolution. As dissolution is not as temperature-dependent 
as biodegradation, the depletion of the water-soluble naphthalenes from the oil-phase 
was similar at both 5°C and 0°C. For a mixture of PAHs (3-5 aromatic rings), which 
exhibited lower water solubilities than the naphthalenes, depletion was again more 
temperature-dependent, reflecting an increased contribution from biodegradation 
than dissolution (Figure 10.3). 

Photooxidation is an important process in degrading and transforming crude oil 
compounds after release to the environment. The polar regions exhibit vast seasonal 
differences in light conditions, and as a result, photooxidation varies significantly 
between the polar summer and winter. UV-illumination of crude oils has shown that 
aliphatic compounds are resistant to photodegradation, while aromatic compounds 
appear particularly sensitive to this process. In contrast to biodegradation, increased 
size and alkyl substitution result in an increased sensitivity of aromatic hydrocar- 
bons to photochemical oxidation. As photooxidation leads to the inclusion of oxygen 
atoms in the structures of these compounds, photooxidized products appear mainly 
in the polar resin fractions of the oil (Garrett et al., 1998; Prince et al., 2003b). 
Furthermore, the average molecular weight of oil compounds is reduced and the oxy- 
gen content increased. Studies have also shown that these photooxidized compounds 
subsequently exhibit increased susceptibility to biodegradation (Ni’matuzahroh 
et al., 1999; Dutta and Harayama, 2000; Maki et al., 2001). Consistent with the phys- 
icochemical properties of the photooxidized compounds, both the dissolved organic 
carbon concentration and acute toxicity of the water-soluble fraction of oil increased 
during the irradiation period (Maki et al., 2001). Thus, photooxidation results in a 
greater proportion of oxidized compounds that exhibit increased water-solubility and 
subsequently more signihcant impacts on toxicity and biodegradation. 

10.4.2 Marine Ice 

The conditions in marine ice vary considerably from those in seawater. The tem- 
perature is decreased in the ice and may drop as low as the air temperature during 
the polar winter. Light levels in the ice are severely reduced compared to seawater, 
and may be absent when the ice is covered by a snowcap. In the hrst-year ice, brine 
inclusion networks are generated by salting-out processes. The brine channels of the 
ice provide saline liquid niches at subzero temperatures that enable microbial motil- 
ity and respiration (Junge et al., 2003, 2004, 2006). The brine channels also act as 
a matrix for the transport of hydrocarbons (Fingas and Hollebone, 2003; Faksness 
and Brandvik, 2005) and soluble nutrients. Under such harsh conditions, where ice 
temperatures can be as low as -20°C and salinity conditions can be as high as 200 
PSU (salinity in normal seawater is 35 PSU), laboratory experiments have shown 
that bacteria (Colwellia psychroerythraea) are able to incorporate amino acids into 
proteins (Junge et al., 2006). This respiration has been associated with particles or 
with the surfaces of the brine channels (Junge et al., 2003, 2004). In addition, the 
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ability to grow at subzero temperatures has been demonstrated by the bacterium 
“Psychromonas ingrahamii,” which has been cultured at temperatures as low as 
-12°C (Breezee et ah, 2004). 

Although some studies from oil-polluted Arctic soils have indicated slow bio- 
degradation at subzero temperatures (Rike et al., 2003; Bprresen et al., 2007), the 
biodegradation of petroleum hydrocarbons in marine ice under subzero temperatures 
still remains to be proven. However, a few studies have shown that oil in ice clearly 
stimulates bacterial growth (Delille et al., 1997; Brakstad et al., 2008). During the 
2004 winter field study performed on Svalbard, changes in n-C[ 7 /Pristane and naph- 
thalene/phenanthrene ratios during the experimental period indicated slow biodegra- 
dation, but changes in these ratios were not significant (Brakstad et al., 2008). 

10.4.3 Bacterial Adaptations to Metabolism at Low Temperatures 

Bacteria have been shown to degrade hydrocarbons at low temperatures. The psy- 
chrotrophic Rhodococcus sp. strain Q15 was able to degrade a broad range of ali- 
phatic hydrocarbons at 5°C, including n-Cjo to n-Cji alkanes, branched alkanes, and 
a substituted cyclohexane. As expected, mineralization of the short-chain alkanes 
dodecane (Cjj) and hexadecane (Cjg) at 0°C and 5°C occurred to a greater extent 
than for the long-chain octacosane (Cjg) and dotriacontane (C 32 ) (Whyte et al., 1998). 
However, hydrocarbon metabolism at very low temperatures requires adaptation to 
cold environments. Psychrophilic bacteria may produce extracellular polymeric sub- 
stances (EPSs) that are associated with halotolerance, and which may have a cryo- 
protective role in sea ice brine channels, as well as binding essential cationic trace 
metals (Nichols et al., 2005). When Pseudoalteromonas sp. CAM025 was grown 
at 2°C to -10°C the EPS yield was increased 30 times when compared to growth at 
20°C (Nichols, 2006). Further indication of the cryoprotective role of EPS has come 
from field studies, which showed that particulate EPS was present in Arctic ice, 
and that this EPS increased over time and with decreased ice temperatures (Collins 
et al., 2007). Rhodococcus sp. Q15 grown on hexadecane or diesel fuel at 5°C also 
produced EPS that connected floes of cells. Interestingly, the EPS morphology dif- 
fered between cultures grown on diesel fuel and acetate. In addition, the cells pro- 
duced cell-surface associated biosurfactants and indicated more hydrophobic cell 
surfaces when grown on diesel fuel (Whyte et al., 1999). 

Enzymes in bacteria isolated from sea ice may be cold active, with catalytic activi- 
ties well below the freezing point of seawater (Groudieva et al. 2004). The temperature 
optima and stabilities of psychrophilic proteins typically occur at lower temperatures 
than for mesophilic proteins. Such cold-adaptive proteins are often characterized 
by the reduced strength of stabilizing interactions (Collins et al., 2008). Microbes 
exposed to large drops in temperature may produce cold shock and cold acclimation 
proteins (Berger et al. 1996). For example, cold-tolerant alkane-degrading strains 
of Rhodococcus from Antarctica contained the cold-shock gene espA, encoding the 
cold-shock protein CS7.4 (Bej et al., 2000). Psychrophilic and halophilic bacteria are 
also capable of adjusting the fatty acid composition and the protein content composi- 
tion of their membranes in such a way that the proton permeability at the respective 
growth temperature remains constant (Whyte et al., 1999; Chintalapati et al 2004). 
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This process may be of importance to microorganisms inhabiting the brine channels 
in marine ice. During ice generation, ice prokaryotes may exert a number of actions to 
avoid freezing. Indeed, several bacteria producing such cryoprotecting proteins have 
been reported. These proteins may protect more freeze-labile proteins from freezing 
and thawing denaturation, or they may have protein refolding activities. Other pro- 
teins are thought to control the generation of ice crystals (Kawahara, 2008). 

The presence of hydrocarbon-catabolism genes have been reported from Arctic 
and Antarctic environments (Whyte et al., 2002; Luz et al., 2004). However, cold- 
adaptations of hydrocarbon-degrading enzymes have not been described so far. A 
study of aromatic ring hydroxylating dioxygenase peptide sequences from a cold 
marine environment (Patagonia) showed less than 70% identity to previously 
described dioxygenases (Lozada et al., 2008). However, it is not known if these dif- 
ferences were related to cold-adaptations. 

10.5 ACCELERATED BIODEGRADATION OF 
OIL IN COLD SEAWATER AND ICE 

Naturally occurring hydrocarbon-degrading bacteria are found almost everywhere 
in biotic environments. Although these bacteria are capable of initiating the biodeg- 
radation of spilled crude oil, attempts have been made to increase removal through 
bioremediation strategies. Most bioremediation attempts have focused on develop- 
ing good biostimulation strategies, typically by applying dispersants, degradation 
rate-limiting nutrients, or the combination of these and other treatments, to acceler- 
ate the natural biodegradation processes. Bioremediation processes, if successful, 
are cost-effective and reduce the environmental impacts of marine oil spills (Prince 
1993, 2005; Swannell et al., 1996; Prince and Clark, 2004; Prince and Atlas, 2005). 
An alternative to biostimulation is bioaugmentation that involves the inoculation of 
exogenous microbial cultures with high biodegradation potentials for contaminants. 
Bioaugmentation approaches have been reported to improve the biodegradation of 
hydrocarbons from oil spills in cold soil or marine sediments, and can be used in 
combination with fertilizers (Margesin and Schinner, 1997; Ruberto et al., 2003). 
Bacterial mats from marine oil-contaminated sites have also been suggested for use 
in the degradation of coastal oil spills, although these are of greater relevance for 
spills in temperate areas (Cohen, 2002). 

To date, most experimental oil bioremediation studies in Arctic or Antarctic envi- 
ronments have been conducted on stranded oils, employing the application of fertilizers 
to stimulate the indigenous flora, and often in combination with mechanical treatments 
that improve oxygen and nutrient availability (e.g., Sveum and Ladousse, 1989; Prince 
et al., 2003a; Obbard et al, 2004; Pelletier et al., 2004). Bioremediation strategies have 
also been applied to real oil spill situations such as the Exxon Valdez accident in 1989, 
where it formed part of a beach cleaning strategy (Bragg et al., 1994). 

10.5.1 Seawater 

Efforts to stimulate crude oil biodegradation in seawater and ice have not been 
investigated to the same extent as for stranded oil. Most remediation strategies in 
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oil-polluted seawater have focused on mechanical removal methods such as the use 
of oil booms and skimmers. In addition to mechanical methods, chemical dispersants 
have also been widely used as an alternative treatment. Dispersants are mixtures of 
surface-active chemicals that reduce the surface tension of the oil, resulting in the 
formation of small oil droplets of sizes less than those generated by mechanical wave 
action (Brandvik, 1997). These chemicals are primarily used to disperse spilled oil 
on the seawater surface into the water column. This approach aims to reduce the 
impacts of oil spills on seabird and mammal populations near the spill and help to 
prevent the oil reaching the coastline. In addition, this process increases the oil- 
water interface and generates more bioavailable surface area for microorganisms. 

The efficiencies of chemical dispersants on crude oil degradation at low seawater 
temperatures have shown conflicting results. In a seawater mesocosm experiment 
(3.5 m^ flow-through tanks with natural seawater from the St. Lawrence Estuary, 
Quebec) with temperatures from -1.8°C to 5.5°C, Forties and Western Sweet Blend 
crude oils were treated with the dispersant Corexit 9527 or different surfactant mix- 
tures. Over a 63 day period at water temperatures >0°C chemical dispersal was 
found to result in higher biodegradation rates than in untreated oil samples (Siron 
et al., 1995). In microcosm studies with seawater temperatures of 8 °C, MacNaughton 
et al. (2003) added the dispersant Corexit 9500 to Alaskan North Slope (ANS) crude 
oil. The dispersant resulted in the rapid colonization of oil droplets by bacteria, and 
heterotrophic and oil-degrading microbes proliferated in the microcosms. However, 
when the total hydrocarbons, Cu to C 35 w-alkanes, or the sum of selected aromatics 
were assessed over a degradation period of 35 days, the amendments of dispersants 
resulted in only a slow or negligible biodegradation of the oil when compared to nat- 
urally dispersed oil. In another biodegradation experiment, Lindstrom and Braddock 
(2002) exposed cultures of oil-degrading microbes to ANS (fresh or evaporated 
and spiked with radiolabeled hydrocarbons) dispersed with Corexit 9500 over a 2 
month period at 8 °C. Respirometric analyses were conducted to determine '"^COj 
mineralization of '^'C-labeled dodecane, hexadecane, 2-methyl-naphthalene, and 
phenanthrene. The dispersant was found to inhibit the degradation of some of the 
hydrocarbons (hexadecane and phenanthrene), while others (dodecane and 2 -methyl- 
naphthalene) were unaffected when compared to the mineralization of the oil with- 
out dispersant. It was suggested that carbon mineralization, at least initially, was the 
result of dispersant mineralization rather than the degradation of the oil compounds. 
In a biodegradation comparison study of two dispersants, Corexit 9500 and JD2000, 
fresh Prudhoe Bay crude oil was mixed with the dispersants and a microbial culture 
originating from the shorelines contaminated during the Exxon Valdez accident. The 
biodegradation of w-alkanes and PAHs was measured over a period of 46 days at 
5°C. The first-order degradation rates of most n-alkanes and PAHs were found to be 
higher with dispersants than without dispersants, although these data were not statisti- 
cally significant. When the same experiment was completed at 20°C, the degradation 
rates of w-alkanes and PAHs were more rapid than at 5°C, showing temperature- 
related biodegradation rates both in non-dispersed and dispersed oil. Furthermore, 
the influence of the two dispersants on biodegradation differed between the two 
degradation temperatures (Venosa and Holder, 2007). Correlation studies between 
the droplet surface area of a dispersed oil and the resulting degradation indicated 
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that both dispersed area and dispersant chemistry controlled the degradation and 
that the surfactant blend hydrophile-lipophile balance and treatment levels were also 
significant controlling factors (Varadaraj et ah, 1995). 

10.5.2 Marine Ice 

Bioremediation of oil in ice is an intriguing prospect. If the biodegradation of crude 
oil could be stimulated in ice, especially for the most toxic compounds migrating 
out of the ice through the brine channels, this would be of benefit for organisms 
inhabiting the polluted ice or nearby areas. Studies have shown that fertilizers 
can stimulate the biodegradation of crude oils in cold seawater under controlled 
experimental conditions (Delille et al., 1998). The slow-release oleophilic fertil- 
izer Inipol EAP 22 was added to Antarctic seawater contaminated with “Arabian 
light” crude oil in a mesocosm study. The experiment was completed over 5 weeks 
during the Austral summers of 1992/1993 and 1993/1994. In both ice-covered and 
ice-free seawater, the addition of the fertilizer enhanced both the concentrations 
of heterotrophic- and hydrocarbon-degrading bacteria and increased the rate of 
biodegradation during the experiments, measured as n-Cj 7 /Pristane and n-Cjg/ 
Phytane ratios. 

A winter field experiment was conducted at Svalbard in 2004 as part of the 
ARCOP program. Crude Statfjord oil with and without fertilizers (mixture of Inipol 
EAP 22 and fish meal) was placed in fjord ice (Van Mijen Ejord, Svea) for a period of 
6 months (December 2004-June 2005). At subzero temperatures no significant deg- 
radation of oil hydrocarbons occurred with the addition of nutrients, but at 0°C melt 
pool samples fertilized with inorganic nutrients showed a significant change in bac- 
terial diversity (Gerdes and Dieckmann, 2006). Importantly, many of the available 
slow-release fertilizers are not suitable for use in polar regions as they will solidify 
if used in ice at very low temperatures. For example, the pour point of the Inipol 
EAP 22 is 11°C, which makes it difficult to use effectively in Arctic conditions. As a 
result, slow-release fertilizers will require reformulation or new products will need 
to be developed specifically for use at very low temperatures. 

A few studies have also been conducted to determine the impacts on ice pro- 
tist communities after oil contamination and subsequent fertilizer treatment. One of 
these studies formed part of the ARCOP field trial on Svalbard. In oil-contaminated 
ice (no fertilizers), the protist communities were destroyed through the complete ice 
coverage. Upon the addition of fertilizers, a less pronounced decline of organisms 
in the ice interior was observed. Thus, the use of fertilizers (Inipol and fish meal) 
helped to maintain higher diversity and biomass of protists in the ice. In a separate 
study, heterotrophic flagellates appeared to escape or avoid the oil contamination 
by downward migration (Ikavelko et al., 2005). In an Antarctic field experiment 
conducted during the Austral winter of 1993, land-fast ice on the continental shelf 
of Terre Adelie was contaminated with crude oil (Arabian light) or diesel fuel, and 
negative effects on the ice microalgae determined by chlorophyll A measurements. 
In crude oil-contaminated ice, negative effects were induced that lasted throughout 
the ice coverage period. The diesel contamination studies were found to cause an 
even more rapid effect on the algae than the crude oil. However, the addition of the 
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fertilizer Inipol EAP 22 resulted in clearly favorable effects on the sea ice microalgae 
(Fiala and Delille, 1999). 

10.6 THE CHALLENGE OF PERSISTENT OIL COMPOUNDS 

Most environmental studies of petroleum-derived chemicals have focused on effects 
related to specific and easily identified hydrocarbons such as w-alkanes, BTEX, and 
PAHs. These compounds are typically easy to identify and quantify using stan- 
dard analytical chemical techniques such as gas chromatography mass spectrom- 
etry (GC-MS). However, in the case of environmentally weathered samples, most 
oil compounds appear as an unresolved complex mixture (UCM) in gas chromato- 
grams, and are often referred to as the “hump” (see Figure 10.4). Having undergone 
a variety of weathering processes (e.g., evaporation, biodegradation, and photooxi- 
dation), this residual UCM is comprised of thousands of environmentally persistent 
compounds (Gough and Rowland, 1990; Killops and Al-Juboori, 1990). In fact, it 
has been established that the natural biodegradation of spilled crude oil leads to a 
significant increase in the UCM concentration relative to other crude oil compo- 
nents (e.g., Meredith et al., 2000), highlighting the persistence of these compounds. 
Fractionation and subsequent characterization studies have shown that both nonpolar 
(e.g., aliphatic and aromatic) and polar (resin and asphaltene) compounds contribute 
to crude oil UCMs. Both the aromatic hydrocarbon and polar UCMs have proven to 
bioaccumulate in marine organisms and elicit ecotoxicological responses and health 
impairments (e.g., Farrington et al., 1982; Widdows et al., 1995; Barron et al., 1999; 
Smith et al., 2001; Rowland et al., 2001; Donkin et al., 2003). Owing to significant 
analytical challenges in studying polar UCM fractions, most research has focused 
on studying the composition, fate, and effects of the nonpolar fractions of UCMs. 
A detailed analysis of the aromatic hydrocarbon UCM fraction indicates that it con- 
tains a variety of highly branched alkylated homologues of well-known aromatic 
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FIGURE 10.4 Gas chromatogram of the aromatic hydrocarbon UCM fraction extracted 
from mussels (Mytilus edulis) from a petroleum-impacted site (Southend) on the U.K. coast. 
(From Booth, A.M. et al.. Environ. Sci. Technol., 41, 457, 2007a. With permission.) 
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hydrocarbons (e.g., benzenes, tetralins, naphthalenes, and PAHs) that are not readily 
susceptible to biodegradation (Reddy et ah, 2002; Booth et al., 2007a). The polar 
UCM fractions comprise compounds containing highly polar nitrogen, sulfur, and 
oxygen atoms in their structures (so-called NSO compounds). Despite their polar- 
ity, many of these compounds (e.g., phenols and naphthenic acids) are thought to be 
homologous in structure to compounds present in the nonpolar fraction of the UCM, 
hence their resistance to biodegradation. Due to their persistence, these compounds 
may reach polar regions both through local oil releases and as long-range transported 
pollutants. 

The biodegradation potentials of these seemingly persistent UCM compounds 
are further complicated by the environmental conditions prevalent in polar regions. 
Lower ambient temperatures will result in significantly reduced biodegradation 
rates, and currently nothing is known about the abilities of psychrophilic or psy- 
chrotrophic bacteria to degrade these compounds. In temperate regions, microbial 
communities from previous oil-impacted sites have been shown to partially degrade 
model UCM compounds, such as alkylcyclohexyltetralins, alkylcyclohexylnaphtha- 
lene, and naphthenic acids (Scott et al., 2005; Booth et al., 2007b; Frenzel, 2008). 
Recent studies of naphthenic acids showed that it was the molecular structures rather 
than the number of carbon atoms that were important for determining biodegrada- 
tion. Specifically, the most recalcitrant compounds included those with relatively 
high degrees of alkyl branching (Han et al., 2008). During future degradation stud- 
ies of oil compounds in cold environments it is therefore of major importance to 
consider these environmentally persistent and toxic UCM-related compounds. 

10.7 SUMMARY 

At present, relatively little is known about the biodegradation of petroleum-derived 
compounds in cold marine waters and ice. A number of recent studies have indi- 
cated that the natural microbial biodegradation of some crude oil hydrocarbons can 
proceed in Arctic environments, but that low temperatures significantly reduce the 
biodegradation rate. In addition, the presence of sea ice can severely influence crude 
oil biodegradation by locking it away within the ice. The subsequent movement of 
the sea ice and the seasonal spring melt can then result in the occurrence of new pol- 
lution events when trapped crude oil is released in a new location. However, the pres- 
ence of brine channels within the ice offers both a transport mechanism for trapped 
oil and a specialized environment for potential oil-degrading microbes to inhabit. 
Further studies have indicated that anthropogenic remediation processes may be use- 
ful in aiding the removal of compounds from oil spilled in the Arctic environment. 
However, under the climatic conditions in these regions recovery will be on much 
longer timescales than those observed for more temperate areas. 

When considering crude oil reserves and exploration activities in Arctic regions, 
the impact of climate change can be viewed in different ways by people with dif- 
ferent perceptions and interests. Due to a combination of technological advances 
and rising temperatures in the Arctic, oil reserves located in these areas are now 
becoming increasingly viable resources for exploitation. While this is a positive 
move for oil companies, the increased transport and the extraction of crude oil could 
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also pose pollution problems for such relatively pristine and delicate environments. 
Interestingly, as the climate changes in polar regions the available data indicate that 
crude oil compounds contaminating these environments will become more readily 
degradable, especially due to longer ice-free seasons, resulting in reduced long-term 
impacts. However, this will clearly come at the cost of the polar environments we 
know today. Furthermore, an increase in polar warming will lead to the increased 
melting of existing ice and therefore to the release of pollutant chemicals that are 
currently locked away in the ice. 
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11.1 INTRODUCTION 

Polychlorinated biphenyls (PCBs) belong to the so-called dirty dozen, a list of 12 
persistent organic pollutants (POPs), which include dioxins, furans, and some pesti- 
cides (e.g., aldrin, chlordane, and DDT). The list was compiled in 2001 in the frame- 
work of the Stockholm Convention, whose aim was to protect human health and the 
environment by banning the production and reducing the release of some of the most 
hazardous chemicals known to humankind. 
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Contamination with PCBs is not only of great concern to industrialized countries. 
It has also been demonstrated that a continuous deposition/evaporation process 
favors combined atmospheric and ocean-borne long-range transport to areas far 
from known PCB sources. 

Conventional cleanup technologies (e.g., land filling, deep-well injection, and high 
temperature incineration), currently adopted and/or recommended for the remedia- 
tion of PCB-contaminated natural environments and waste, are generally expensive 
and often inefficient. Moreover, they may be a source of secondary pollution, e.g., the 
formation of dioxins. As a result, the development of bioremediation processes has 
been proposed as a promising and cost-saving alternative, since indigenous micro- 
organisms could be used and in situ treatments are allowed. This trend has extended 
to cold regions such as the Arctic and the Antarctic in spite of the substantial limi- 
tations related to the extreme climate conditions (Mohn et ah, 1997; Tumeo and 
Guinn, 1997). The assessment of the PCB biodegradative potential of psychrotoler- 
ant Arctic and Antarctic microorganisms has been previously reported, although 
rarely. Psychrotolerant microbes, which have adapted to a wider temperature range, 
low water activity, and low nutrient availability, may have important advantages in 
biotechnological applications (Gounot, 1991). It should be noted, however, that the 
introduction of nonnative species to Antarctica is forbidden by the Antarctic Treaty, 
and therefore the eventual utilization of autochthonous microorganisms is required. 
Conversely, in addition to Arctic microorganisms PCB -degrading Antarctic micro- 
organisms could also be exploited for the remediation in other cold systems. 

After a brief review of PCBs and their biodegradation, this chapter will discuss 
their occurrence in polar environments and the potential for their removal exhibited 
by Arctic and Antarctic bacteria, as well as by psychrotolerant microbes from tem- 
perate environments. 

11.2 POLYCHLORINATED BIPHENYLS: AN OVERVIEW 

11.2.1 Physicochemical Properties, Industrial Uses, 

AND Environmental Concerns 

PCBs are part of a larger group of persistent organic pollutants (POPs), which are 
released into the environment through a variety of human activities and have a range 
of harmful effects on the health of ecosystems, wildlife, and people. Theoretically, 
the family of PCBs consists of 209 related compounds, called congeners, consisting 
of a biphenyl carbon ring substituted with 1-10 chlorine atoms (chemical formula: 
Ci2Hio_„C 1,(). PCB mixtures are resistant to combustion, nonexplosive, hydrophobic 
and lipophilic, and soluble in organic solvents. They exhibit an excellent chemi- 
cal stability under acid and alkali conditions, and a thermal stability up to 350°C, 
insulation features, and have desirable dielectric properties. Many PCB features are 
strongly affected by the degree of chlorination, e.g., their viscosity, melting point, 
and lipophilicity increase with an increasing degree of chlorination, whereas vapor 
pressure and water solubility decrease. The half-life of PCBs in the environment 
also depends on the number of chlorines in the biphenyl structure. It can range from 
a few days to approximately 10 years for mono- to pentachlorobiphenyls, reaching 
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more than 20 years for higher substituted congeners (Borja et al., 2005; Ceccarini 
and Giannarelli, 2006). 

Due to their excellent physicochemical features, more than 1.5 million tons of 
PCBs were synthesized during the mid-twentieth century and sold for industrial and 
commercial purposes under different trade names, e.g., Acelor (France), Aroclor 
(United States), Clophen (Germany), Delor (Czechoslovakia), Fenclor (Italy), and 
Kanechlor (Japan). They were used in a variety of ways, as dielectric fluid in electri- 
cal transformers and capacitors, pesticide extenders, flame retardants, and as com- 
ponents in heat transfer and hydraulic systems. Additional uses also included inks, 
hydraulic lubricants, sealants, paints, waxes, carbonless copy paper, adhesives, and 
dust control agents. Each commercial mixture is characterized by a typical congener 
composition derived from the different reaction and separation conditions used dur- 
ing production. They are generally made by the isomeric forms of 4-5 congeners 
(predominantly trihexachlorinated) and have a chlorine content ranging from 21% to 
68% (Pieper, 2005; Ceccarini and Giannarelli, 2006). 

Large amounts of PCBs have legally or illegally entered the environment for 
decades through accidental spills, inappropriate disposal techniques, or a variety 
of thermal and chemical processes with no consideration for their impact on biota. 
Since the 1970s, when their strong toxicity and recalcitrant nature were recognized, 
PCBs have been regulated or banned in Western nations because of the serious health 
and ecological problems potentially due to their widespread utilization. This has led 
to worldwide contamination, even in remote areas. 

The high environmental persistence, and the low biodegradability and lipophilicity 
of PCBs contribute to their bioaccumulation potential and biomagniflcation along the 
trophic chain. This can cause adverse physiological effects on the reproductive, ner- 
vous, and endocrine systems, mainly on top predators, including humans. Although 
their acute toxicity is rather low, the chronic effects of PCBs are severe as certain con- 
geners are teratogenic, carginogenic, and/or immunogenic (for detailed discussion, 
see Ross, 2004 and Safe, 2004). 

11.2.2 Microbial Transformation of PCBs 

Despite their recalcitrant nature, PCB congeners can be biotransformed by different 
microbial species inhabiting both contaminated (Master and Mohn, 1998; Lambo 
and Patel, 2006a) and uncontaminated sites (Macedo et al., 2007). Microbial bio- 
degradation depends on specific features of the PCBs. This includes the position 
and number of the chlorine substituents in the congeners, the concentration, bio- 
availability, and water solubility of the pollutant, and environmental factors such as 
pH, temperature, and the presence of toxic and inhibitory substances or competitive 
substrates (Borja et al., 2005). 

The biodegradation of PCBs consists of two main processes: anaerobic reductive 
dechlorination and aerobic oxidative degradation. These processes have been mainly 
reported for mesophilic microorganisms inhabiting soils and sediments, where such 
xenobiotic compounds generally accumulate. Both anaerobic and aerobic degrada- 
tion pathways have previously been described in detail (Furukawa, 2000; Wiegel and 
Wu, 2000; Abraham et al., 2002; Borja et al., 2005; Vasilyeva and Strijakova, 2007). 
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The degree of chlorination of the single congeners is a major factor affecting the 
biodegradation of PCBs (Bedard and Haberl, 1990). Highly chlorinated biphenyls 
are substrates for anaerobes. Therefore, as their toxicity decreases their degradability 
increases. Congeners with five or more chlorine atoms remain generally recalcitrant 
to aerobic degradation, whereas they are substrates for anaerobic microorganisms. 
The lowly chlorinated PCB congeners resulting from the anaerobic transformation 
can subsequently become suitable substrates for the oxidative attack of aerobic bac- 
teria. Consequently, a sequential anaerobic/aerobic biotransformation is required to 
achieve the complete biodegradation of higher chlorinated congeners, along with the 
action of different microorganisms possessing specific congener preferences. 

Typically, the reductive dechlorination of PCBs occurs in both freshwater 
and marine anaerobic sediments as has been previously demonstrated for several 
anaerobes, e.g., Dehalococcoides, Desulfomonile, and Desulfitobacterium and the 
white rot fungus Phanerochaete chrysosporium (Holliger et al., 1999; Bedard et al., 
2006). The anaerobic biodegradation of PCBs consists of the removal of the chlorines 
as halogen ions and their concurrent replacement by hydrogen as electrons and pro- 
tons (hydrogenolysis). Thus, the biphenyl structure is kept intact while the number of 
substituted chlorine atoms is reduced, mainly from the para and meta positions. This 
leaves mono- to trichlorobiphenyls with mainly ortho chlorines. At least six distinct 
microbial dechlorination processes have been identified in contaminated sediments 
through the comparison of the pattern of congener loss and reaction products. These 
differences may be dependent on several variables, such as the occurrence of different 
microbial populations (having dehalogenases exhibiting distinct congener specificities) 
or environmental factors (e.g., temperature, pH, and partial pressure of H 2 ), as well as 
on the presence/absence of suitable electron donors and acceptors, carbon sources, and 
micronutrients (Mohn and Tiedje, 1992; Wu et al., 1997; Wiegel and Wu, 2000). 

The aerobic biodegradation of PCBs has mainly been reported for bacteria and 
only rarely for fungi (e.g., Aspergillus niger), yeasts, and cyanobacteria, which 
are able to metabolize biphenyl and low-chlorinated biphenyls (Furukawa, 2000). 
To date, among PCB-degrading Gram-negative bacteria, members of the genera 
Pseudomonas, Acinetobacter, Alcaligenes, Burkholderia, and Sphingomonas have 
been isolated, along with some Gram-positives, such as Micrococcus, Janibacter, 
Dietzia,Arthrobacter, anARhodococcus. The aerobic degradation pathways of PCBs 
appear to be very similar among these microorganisms. The first step, known as 
biphenyl “upper” pathway, is initiated by the multicomponent enzyme biphenyl-2, 3- 
dioxygenase (BPDO) and through a series of intermediates leads to the formation 
of benzoate and 2-hydroxypenta-2,4-dienoate as reaction products. BPDO com- 
prises a reductase, a ferredoxin, and an oxygenase component of ttjPj constitution 
(iron-sulfur protein, ISP). Other enzymes involved in the process are the cis-2,3- 
dihydro-2 , 3 -dihydroxybiphenyl dehydrogenase (BDDH), the 2 ,3 -dihydroxybiphenyl- 
1, 2-dioxygenase (DBDO), and the 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate 
hydrolase (HOPDA hydrolase). PCB degraders exhibit significantly different activ- 
ity spectra as their congener patterns are generally strongly dependent on the 
substrate specificity and regioselectivity of the biphenyl-2, 3-dioxygenase. Some 
bacteria are also assumed to possess biphenyl-3, 4-dioxygenase enzyme, which 
attacks the molecule at the positions 3,4 (Bedard et al., 1987). 
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The genes (termed bpK) encoding for the catabolic enzymes involved in the 
biodegradation of PCBs are organized in an operon (bphABCD) that can be local- 
ized on chromosomes, plasmids, or transposons and whose arrangement depends 
on the bacterial species. In this regard, the occurrence of similar catabolic genes in 
different strains suggests that even chromosomal bph genes have, or previously had, 
a mechanism for mobilization to other strains (Furukawa, 2000). 

In particular, five open reading frames (ORFs) have been detected, i.e., bphAl, 
bphA2, bphA3, and bphA4 encoding for a large subunit and a small subunit of the ter- 
minal dioxygenase, a ferredoxin and a ferredoxin reductase, respectively. The func- 
tion of another orf3 found between bphA2 and bphA3 remains unclear (Furukawa 
et al., 2004). For recent reviews on the genetic and biochemical aspects of aerobic 
degradation of PCBs see Furukawa et al. (2004) and Pieper (2005). 

Biphenyl-degrading microorganisms are generally able to degrade several PCB 
congeners using the same enzymatic system. Microbial PCB degradation generally 
requires biphenyl as the carbon source and inducer of catabolic enzymes. However, 
other growth substrates (e.g., linoleic acid, pyruvate, and acetate) have been demon- 
strated to support the removal of PCB (Master and Mohn, 1998). These alternative 
substrates could be used for field applications to induce the biphenyl catabolic path- 
way as replacements for biphenyl, which is toxic. 

11.3 CONTAMINATION OF POLAR REGIONS WITH PCBs 

Geographically the Antarctic and the Arctic differ greatly. The Antarctic is a mostly 
ice-covered continent surrounded by the Southern Ocean and very distant from 
populated areas. The Arctic is an ice-covered ocean, surrounded by tree-less frozen 
land often covered with snow and ice. In particular, the boundaries of the Arctic 
region, generally considered to be north of the Arctic Circle (66° 33' N), can be 
traced out in different ways based on social, political, and ecological criteria. In this 
chapter, we will consider as “Arctic” the area within the 10°C July isotherm includ- 
ing the Arctic Ocean (overlying the North Pole) and parts of the Northern territories 
of Canada, Russia, the United States (Alaska), Denmark (Greenland), Norway, and 
Iceland. 

Since the 1960s, despite their remoteness, the presence of anthropogenic 
pollutants such as PCBs and other organochlorine compounds has been reported 
in both polar regions. The two regions were previously considered to be pristine 
(Risebrough et al., 1968, 1976). Several pathways have been suggested as the source 
of PCB contamination in polar regions. These include long-range transport by air 
(mainly for volatile contaminants) and water, local contamination due to improper 
disposal practices (e.g., old electrical equipment) and/or the incineration of waste 
produced at research bases, riverine inputs (for the Arctic) and local accumulation 
due to biotic activities (Negoita et al., 2003; Montone et al., 2005). 

Sources proximity and the chemical properties of PCBs (along with other POPs) 
are among factors which determine their occurrence and deposition in these remote 
regions (Corsolini et al., 2002a). Atmospheric and oceanic currents are the main 
vectors of persistent pollutants from continental areas to oceans, which may be con- 
sidered as a major sink for these compounds. Cold polar regions may become sinks 
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themselves for several POPs due to the global distillation mechanism. This consists 
of the evaporation of pollutants at low warm latitude and the deposition at cold higher 
latitudes (Burkow and Kallenborn, 2000; Negoita et al., 2003; Gambaro et al., 2005; 
Montone et al., 2005). Migratory organisms, in particular seabirds and whales, can 
also contribute to pollutant transportation to polar regions through their excrement 
and carcasses. Corsolini et al. (2002a) found the highest concentrations of PCBs 
in south polar skua tissues {Catharacta maccormicki). This suggests that Antarctic 
birds migrating to sub-Antarctic or North Pacific Islands carry heavy amounts of 
PCBs from their wintering grounds. 

PCB concentrations measured in Antarctic and sub-Antarctic Regions are gener- 
ally lower than those determined for the rest of the world, including the Arctic (Fuoco 
and Ceccarini, 2001). This finding is reasonable as the latter is highly impacted by 
neighboring industrialized and urbanized regions, which act as the major sources 
of a variety of organic pollutants (Bustnes et al., 2006). Moreover, the atmospheric 
transportation of semivolatile compounds from the Northern to the Southern hemi- 
sphere is severely limited by the slow interhemispheric air exchange that generally 
occurs over a period of 1-2 years. The occurrence of PCBs has been reported for 
several Arctic and Antarctic abiotic matrices such as air, water, soil, snow, and sedi- 
ment (Tanabe et al., 1983; Risebrough et al., 1990; Larsson et al., 1992; Bright et al., 
1995a, b; Kennicutt et al., 1995; Gregor et al., 1996; Fuoco et al., 1996, 1999, 2005; 
Kallenborn et al., 1998; Ockenden et al., 2001; Montone et al., 2001b, 2005; Crockett 
and White, 2003; Negoita et al., 2003; Gambaro et al., 2005; Hung et al., 2005; Negri 
et al., 2006). Both winter darkness and low temperature slow down the degradation 
of PCBs that may be entrapped in pack ice and snow for long periods. Subsequent ice 
melting then releases them into terrestrial and marine systems where they enter the 
food webs, bioaccumulating in organism tissues and biomagnifying with increasing 
trophic level from planktons to top predators (Fuoco et al., 1996, 1999). 

In the Arctic, indigenous people are highly vulnerable to contaminant exposure 
due to their dietary reliance on marine mammals. The concentrations of PCBs mea- 
sured in people from the Canadian and the Norwegian Arctic are among the highest 
detected worldwide (AMAP, 1997). Therefore PCB contamination in these areas is 
of great environmental concern. 

Arctic and Antarctic marine and maritime ecosystems are characterized by a low 
species diversity, with a predominance of marine mammals and birds, thus result- 
ing in simple predator-prey relationships. Investigations into PCB concentrations 
in Arctic wildlife have mainly focused on the polar bear {Ursus maritimus) that 
represents the top predator of the plankton-fish-seal food web, and the ringed seal 
(Phoca hispida), which is the most abundant Arctic pinniped with a circumpolar dis- 
tribution and is a top predator in the nearshore pelagic food webs (Muir et al., 2000; 
Haave et al., 2003; Braathen et al., 2004). Very high PCB concentrations have also 
been detected in Arctic glaucous gulls {Larus hyperboreus) and sub-Arctic great 
black-backed gulls (Larus marinus) in comparison to Antarctic skuas (Bustnes et al., 
2006). In addition, several authors have measured PCBs in microbial loop-involved 
Arctic organisms (e.g., bacteria and zooplankton) and investigated their accumula- 
tion with increasing trophic levels (Borga et al., 2005; Sobek et al., 2006a,b). The 
global transport mechanisms of anthropogenic pollutants including PCBs and the 
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susceptibility of Arctic food webs have been reviewed by Bard (1999) and Braune 
et al. (2005; for the Canadian Arctic). 

Mosses, lichens, algae, benthos, krill, hsh, seabirds, and mammals are among 
biotic PCB-contaminated Antarctic matrices (Focardi et ah, 1991, 1992, 1995; Weber 
and Goerke, 1996, 2003; Court et ah, 1997; van den Brink et al., 1997; Montone et al., 
2001a; Corsolini et al., 2002b, 2003, 2006; Chiuchiolo et al., 2004; Borghini et al., 
2005; Negri et al., 2006; Bustnes et al., 2006, 2007). PCBs have also been detected 
in seabird eggs (penguins and skuas). This proves their transfer from the mother to 
eggs, thereby exposing the future generations (Corsolini et al., 2002a). 

PCB levels in Antarctic seawater are generally several orders of magnitude 
lower than in organisms. The biomagnification of PCBs along the Antarctic marine 
food webs was demonstrated by Focardi et al. (1995) and Corsolini et al. (2002a). 
Both observed a clear relationship between PCB concentrations (ng/g wet weight) 
in marine organisms and their trophic level (fish< Adelie penguin < Weddel seal, 
and krill < crocodile icefish< sharp-spined notothen < silverfish < Weddel seal, 
respectively). 



11.4 BIODEGRADATION OF PCBs BY 
PSYCHROTOLERANT MICROBES 

11.4.1 PCB-Decrading Microorganisms from Arctic Environments 

The first attempt to establish the biodegradative potential of psychrotolerant bacteria 
from the Arctic was reported by Whyte et al. (1995), who screened isolates from 
Arctic and sub-Arctic environments for the utilization of several commonly occur- 
ring pollutants (i.e., toluene, naphthalene, dodecane, hexadecane, 2-chlorobiphenyl, 
and pentachlorophenol). However, none of the 66 isolates obtained from soil, water, 
and sediment samples collected from the relatively pristine Resolute Bay (Canadian 
Arctic) were able to mineralize 2-chlorobiphenyls used as a substrate. 

Since 1997, Mohn and coworkers have made great advances in the comprehension 
of PCB biodegradation by psychrotolerant microorganisms from Arctic soils. Mohn 
et al. (1997) hrst demonstrated the capability of Canadian Arctic soil microflora 
to aerobically degrade biphenyls and the commercial PCB mixture Aroclor 1221 
examining both the response of the soil microflora to PCB pollution in Arctic soil 
slurries and the biodegradation potential of the microflora. In soil slurries, the rate 
and extent of biphenyl mineralization in the Arctic and temperate soils were com- 
parable. Generally, biphenyl mineralization in Arctic soils was stimulated slightly 
more at 30°C (maximum mineralization rates were typically from 1.2 to 1.4mg of 
biphenyl g of dry soil"' day') than at 7°C (maximum mineralization rates were typi- 
cally from 0.52 to l.Omg of biphenyl g of dry soil"' day'). These small differences 
were explained by the potential coexistence in the soils of biphenyl degraders with 
different temperature optima. Biphenyl mineralization in PCB-contaminated Arctic 
soils was generally faster than in those uncontaminated Arctic soils (at both 7°C and 
30°C). This suggests that an in situ selection for biphenyl-mineralizing microorgan- 
isms can occur in Arctic polluted soils, due to (1) a selective pressure that may have 
been for organisms using PCBs as growth substrates or against organisms inhibited 
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by those compounds or their metabolites, or (2) a genetic and physiological state that 
is more prone to biphenyl mineralization hy biphenyl degraders. 

Results obtained when adding Aroclor 1221 to soil slurries showed that the 
removal of the substrate by indigenous microorganisms was more effective at 30°C 
(in the range 71%-76%) than at 7°C (in the range 14%-40%) (Mohn et ah, 1997). 
The authors suggested that the limited removal of PCBs observed at 7°C in soils 
might be due to (1) the cometabolism of PCBs by biphenyl degradation enzymes, 
which may be more sensitive to low temperature than biphenyl degradation. Thus 
PCB-degrading psychrotolerant microbes could be metabolically less active at 
temperatures lower than the optimum growth temperature, (2) the presence of dis- 
tinct microorganisms responsible for biphenyl degradation at low temperature and 
lacking the capability to cometabolize PCBs, (3) the effect of temperature on the 
bioavailability of PCBs, strongly dependent on the adsorption of PCBs into the 
soil, and (4) the toxicity of the high concentrations of the substrates (biphenyl or 
PCBs) that can inhibit biphenyl-degrading microorganisms active at 7°C. 

Mohn et al. (1997) isolated both psychrophilic and psychrotolerant biphenyl- 
degrading bacteria from enrichment cultures incubated at 7°C. Among them, two 
psychrotolerant isolates (denominated Sag-50A and Sag-50G, both Gram-negatives) 
removed Aroclor 1221 in the range of 54%-60% and showed similar patterns of 
congener removal at 7°C. Their capability to aerobically degrade Aroclor 1221 con- 
geners with up to three chlorine substituents at low temperature may make them 
useful in a sequential process in which PCBs are first dechlorinated by anaerobic 
organisms. Conversely, none of the Gram-positive psychrophilic isolates substan- 
tially degraded PCBs at 7°C. Based on the fact that PCB degradation was proven 
to be more efficient at low temperature in pure cultures rather than in soil slurries, 
Mohn et al. (1997) hrst suggested the utilization of indigenous microorganisms for 
the bioremediation at Arctic sites. 

Further results on psychrotolerant PCB degraders isolated from PCB- 
contaminated Arctic soil samples (Northwest Territories, Canada) are reported by 
Master and Mohn (1998). Among approximately 50 biphenyl-degrading microorgan- 
isms obtained from enrichment cultures, only three isolates, called Cam-1, Sag-1, and 
Iqa-1, were selected as they could remove Aroclor 1221 congeners at 7°C by batch 
cultures after 5 weeks, although to different extents (total removal: 56%, 82.1%, and 
87.3%, respectively). Their congener ranges were similar to that exhibited by the 
isolate Sag-50G, which had been previously reported by Mohn et al. (1997). None of 
the isolates could remove 2,2'-chlorobiphenyl, although Cam-1 and Sag-1 removed 
4,4'-chlorobiphenyl, suggesting the expression of 2,3-biphenyl dioxygenase rather 
than 3,4-biphenyl dioxygenase (Bedard and Haberl, 1990). 

The phylogenetic analysis of the 16S rDNA sequences of these isolates, includ- 
ing Sag-50G (Mohn et ah, 1997), revealed that they were most closely related to 
the genus Pseudomonas. The degradation of Aroclor 1242 at both 7°C and 15°C 
by batch cultures of each isolate was also tested by Master and Mohn (1998). The 
total removal of the substrate by the isolates Cam-1 and Sag-1 was higher at 15°C 
(14.4% and 10.2%, respectively) than at 7°C (11.3% and 8.1%, respectively), whereas 
isolate Iqa-1 degraded Aroclor 1242 more efficiently at 7°C (7.1%) rather than at 
15°C (5.3%). However, the range of Aroclor 1242 congeners removed by each isolate 
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at 7°C and 15°C were similar, with the exception of Cam-1 that appeared to degrade 
some tetrachlorohiphenyls. 

The extent and rate of removal of a PCB mixture by each Arctic soil isolate at 
different temperatures (7°C, 37°C, and 50°C) were then compared with those of 
the mesophile Burkholderia xenovorans LB400, which is known to preferentially 
degrade ort/ro-substituted PCB congeners with up to six chlorines (Bopp, 1986). 
At 7°C similar total removal values of Aroclor 1242 were observed for LB400 and 
most Arctic soil isolates (range 3.2%-10.1%), although the removal rates of some 
individual PCB congeners by psychrotolerant isolates were up to 10 times higher 
than the corresponding rates of removal by the mesophile. At 37°C the total removal 
of Aroclor 1242 by the Arctic isolates was higher (range 5.5%-17.6%) than, or the 
same as, that obtained at 7°C but as much as 90% lower at 50°C (range l%-3.6%) 
than at 37°C. In addition, the removal fell to zero for some PCB congeners at 50°C. 
In contrast, the rates of PCB removal by LB400 were greater at 50°C than at 37°C. 
Higher rates of PCB removal by the psychrotolerant isolates than by the mesophile 
LB400 at 7°C and their decreased PCB removal at high temperatures suggested that 
either the PCB -degrading enzyme systems of the bacteria isolated from Arctic soils 
were cold adapted or the higher biodegradation rate was due to the better growth and 
development of the strains at the optimal growth temperature. 

Subsequently, experiments were carried out with the aim of elucidating the 
genetic and biochemical aspects of PCB biodegradation by the Arctic bacterium 
Pseudomonas sp. Cam-1, previously isolated by Master and Mohn (1998). The regu- 
lation of bph genes in a chromosomal context was investigated by Master and Mohn 
(2001) by constructing a bphA-lacZ reporter in Cam-1 and Burkholderia sp. strain 
LB400 (thus generating Cam-10 and LB400-1). The induction of beta-galactosidase 
activity by several potential inducers (e.g., aromatic compounds, terpenoids, soil 
extracts and flavenoids, and chlorinated biphenyls), that have been previously shown 
to stimulate PCB degradation or that are structurally similar to biphenyl, was cor- 
related to the induction of bphA. In particular, results suggested that the regulation of 
bphA in Cam-1 was highly specific: biphenyl induced beta-galactosidase activity in 
Cam-10 to a level approximately six times greater than the basal level of expression 
in cells grown with pyruvate. Other growth substrates, such as naphthalene, salicyli- 
cate, 2-chlorobiphenyl, and 4-chlorobiphenyl, appeared to be the inducers of bphA 
in Cam-1, but at levels that were no more than 30% of the levels induced by biphenyl. 
The same authors, in order to investigate the role of bphA induction in the effi- 
ciency of PCB removal at low temperatures, compared the beta-galactosidase activi- 
ties in cell suspensions of Cam-10 incubated at 7°C with pyruvate or biphenyl plus 
pyruvate. After 24 h, the beta-galactosidase activity of cells incubated with biphenyl 
was four times higher than that of cells incubated with pyruvate. This suggests that 
bphA is induced by biphenyl in Cam-1 at low temperature, being consistent with 
the psychrotolerant nature of this bacterium isolated from Arctic soil. Conversely, 
the constitutive level of beta-galactosidase activity in LB400-1 grown at 15°C was 
about five times less than the level in LB400-1 grown at 30°C. The author concluded 
that physical and chemical environmental variables could diversely affect the bphA 
induction in bacteria and that therefore there is a requirement to determine the opti- 
mal conditions for PCB bioremediation. 
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The comprehension of factors involved in the transmembrane transport of 
biphenyl and PCB for catalysis is also important to improve the bioremediation pro- 
cess. Master et al. (2005) first described the kinetics and investigated the energy 
dependence of bacterial biphenyl uptake through the use of Pseudomonas sp. Cam-1 
as a model. The results on the effects of growth substrates and temperature were 
compared with those obtained for Burkholderia LB400. Biphenyl uptake by both 
Cam-1 and LB400 was induced by growth on biphenyl, whereas it was inhibited by 
dinitrophenol and carbonyl cyanide m-chlorophenylhydrazone that are both meta- 
bolic uncouplers. 

At 22°C, biphenyl uptake by Cam-1 was induced by growth on biphenyl and 
showed saturable kinetics with respect to biphenyl concentration; the rate for biphe- 
nyl uptake by Cam-1 was approximately 1.5 times higher than that shown by LB400. 
At 15°C, the rate of biphenyl uptake by Cam-1 and LB400 decreased when high 
concentrations of biphenyl were used. This suggests that changes in the membrane 
fluidity at low temperature may increase the toxicity of biphenyl; the maximum rate 
of biphenyl uptake by Cam-1 resulted about three times higher than that of LB400 
under the same conditions. Results suggested that the transport of biphenyl at low 
temperature was facilitated by the cold adaptation of Cam-1. 

The congener preference of Pseudomonas sp. strain Cam-1 is similar to that of 
Pseudomonas pseudoalcaligenes KF707, preferentially degrading para-substituted 
PCBs with up to four chlorine substituents. In addition, the oxygenase component of 
Cam-1 biphenyl dioxygenase (BPDOf.am-i) shares 99% amino acid sequence identi- 
ties with that of BPDOkp 707 , as the a-subunits of ISP^a^.i and ISPgp 707 differ by a 
single residue at position 178 (Master and Mohn, 2001). BPDOf.am-i has been recently 
purified and its temperature dependence was analyzed by performing standard activ- 
ity assays at different temperatures (Master et al., 2008). Between 4°C and 45°C, 
BPDO|-am-i activity was higher than that of BPDOlb 4 qo (of B. xenovorans LB400). 
Furthermore, the highest activity of BPDO(-an,_i occurred at 47°C, at a temperature 
lower than that of BPDOlb 4 oo (55°C). At 57°C, the half-life on the BPDO,-a„i.i oxyge- 
nase was less than half that of the BPDOlb 4 oo oxygenase. 

Although data suggest that BPDO(-a,„.j is not cold adapted, differences between 
BPDO|-a„i.i and BPDOlb 4 qo account for the differences between their parental strains 
(Cam-1 and LB400, respectively). At 7°C, certain PCB congeners are removed by 
Pseudomonas sp. Cam-1 more efficiently than Burkholderia sp. LB400 (Master and 
Mohn, 1998). Moreover, high temperatures were shown to inhibit PCB removal by 
Cam-1, whereas that by LB400 increased. 

The first attempt to evaluate the exploitation of Arctic soil bacteria for bioremedi- 
ation purpose is reported by Ahn et al. (2001). When a microbial amendment is used 
to enhance the bioremediation process, it is useful to know if it is viable and sur- 
vives during the treatment. Ahn et al. (2001) used the psychrotolerant Pseudomonas 
spp. Cam-1 (Master and Mohn, 1998) and Sag-50G (Mohn et al., 1997) in soil 
microcosms spiked with 2,3-dichlorobiphenyl to study their survival, persistence, 
and ability to degrade PCBs at 4°C and 22°C. To allow the detection of Cam-1 
and Sag-50G and therefore to distinguish them from the indigenous microflora in 
microcosm bioremediation experiments, the two strains were marked by insert- 
ing the green fluorescent protein gene (gfp) into the chromosome, thus generating 
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g^-transformants, which were stable and had no adverse effects on metabolism and 
growth. The psychrotolerant g/p-transformants survived in high numbers over 16 
weeks at 22°C and 18 weeks at 4°C, respectively. Their abundance was similar to 
those of indigenous microorganisms at 4°C, but resulted lower at 22°C. This sug- 
gests that the psychrotolerant nature of parental PCB-degrading bacteria may offer 
them advantages in the competition against the indigenous population for nutrients 
or in their environmental survival over a longer period of time. Therefore, Ahn et al. 
(2001) proposed the utilization of g^-transformants for PCB bioremediation appli- 
cations at cold temperatures. 

Finally, although aerobic PCB-degrading bacteria have been isolated from Arctic 
sites (Mohn et ah, 1997; Master and Mohn, 1998), highly chlorinated congeners in 
Aroclor 1260, a contaminant present in considerable quantities in Arctic soils, make 
it very recalcitrant to aerobic biodegradation. Kuipers et al. (2003) investigated the 
microbial reductive dechlorination of both weathered and nonweathered Aroclor 1260 
in soils from Resolution Island (Nunavut, Canada). Experiments were carried out in 
soil slurry cultures incubated at 30°C for 8 weeks, after which dechlorination ceased. 
In all cultures, an extensive dechlorination was observed, as indicated by the reduc- 
tion in the average number of chlorines per biphenyl molecule (from 6.6 to 5.1 and 
from 6.2 to 4.5 for weathered and nonweathered Aroclor 1260, respectively); mainly 
for nonweathered Aroclor 1260, a significant decrease in highly chlorinated PCB 
congeners (with hve or more chlorine substituents) was accompanied by the increase 
or appearance of less highly chlorinated PCBs (mainly tetrachlorobiphenyls). 

Kuipers et al. (2003) compared the dechlorination at 21°C in soils from Resolution 
Island and Saglek (Labrador, Canada), which differed in the initial composition 
of weathered Aroclor 1260. The overall trends and the extent of changes in major 
dechlorination substrates and products were consistent with those of the treatment 
of Resolution Island soil at 30°C. Weathered Aroclor 1260 was dechlorinated to a 
greater extent in Saglek soil than in Resolution Island soil (the average number of 
chlorines per biphenyl molecule was reduced from 6.5 to 4.6, and from 6.7 to 5.1, 
respectively). The authors concluded that anaerobic PCB degradation, producing less 
chlorinated PCB congeners, is a feasible bioremediation option for contaminated 
aerobic Arctic soils and that the weathering of the PCBs (possibly reducing their 
bioavailability) may inhibit dechlorination to a varying extent with different soils. 

11.4.2 PCB-Degrading Microorganisms from Antarctic Environments 

Research focusing on the microbial PCB degradation in Antarctica remains quite 
scarce. However, contrary to the Arctic, PCB-degrading microorganisms have been 
detected in Antarctic marine sediments and seawater, as well as in soils. 

Tumeo and Guinn (1997) first investigated the existence of PCB-degrading indig- 
enous microorganisms in soil at McMurdo Station (the main U.S. research station in 
Antarctica) and in marine sediments from beneath Winter Quarters Bay in order to 
evaluate easy-to-implement, low-cost remediation alternatives for application in this 
cold remote area. Active PCB-degraders occurred only in sediments (having an aver- 
age temperature of -2°C), where they accounted for approximately 10'* microbes g~' 
of wet sediment after 3 weeks of incubation at 4°C on nutrient agar plates and PCB as 
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a carbon source. However, no information on the isolation and identification of these 
PCB-degrading microorganisms has been documented. 

Yakimov et al. (1999) and De Domenico et al. (2004) reported on two psy- 
chrotolerant hydrocarbon-degrading Rhodococcus strains (namely, Bll and B15). 
They were previously isolated from the marine water column at Terra Nova Bay 
in the Ross Sea (Maugeri et al., 1996) and were able to grow in the presence of 
both biphenyl and Aroclor 1242 as the sole carbon sources. The strains grew on 
biphenyl at temperatures ranging from 4°C to 35°C, with an optimal between 15°C 
and 20°C; the maximum yield of biomass obtained was 11.3 mg of dry weight per 
liter of culture. Interestingly, during the cultivation on n-alkanes, isolates produced 
a mixture of surface active trehalose lipids (both cell-bound and extracellular, 
and structurally genus-typical for Rhodococcus). This is potentially exploitable 
for bioremediation purposes as it strongly enhanced the growth on PCBs of the 
well-known PCB-degrader Burkholderia cepacia LB400 (Yakimov et ah, 1999). 
For the estimation of Aroclor 1242 removal by Rhodococcus spp. Bll and B15, 
biodegradation assays were performed by incubating bacterial cultures at 4°C and 
20°C for a month and a week, respectively (De Domenico et al., 2004). For the 
strain Bll, total PCB removal was 31.9% and 62.8% at 4°C and 20°C, respectively; 
Rhodococcus sp. B15 appeared to be less effective than Bll as it removed 22.8% 
and 30.8% of Aroclor 1242 at 4°C and 20°C, respectively. Lower incubation tem- 
perature was noted to severely limit PCB degradation. This was observed in the 
total substrate removal, which was approximately twofold higher after only 1 week 
of incubation at 20°C than after 1 month at 4°C. 

Michaud et al. (2007) investigated the biodegradation of Aroclor 1242 by marine 
psychrotolerant Antarctic bacteria belonging to the genera Pseudoalteromonas, 
Psychrobacter, and Arthrobacter (strains no. 19, 15, and 74, respectively). After 
3 weeks of incubation at 4°C, Aroclor 1242 could sustain bacterial populations 
between 1.5 and 6.8x10*’ CFU mL“', and between 2.8 and 4.6x10*’ CFU mL^' at 
15°C. The isolates were able to reduce most chromatographic peaks by more than 
50%; however, none totally disappeared (range 0.4%-82.8%). Contrary to the obser- 
vations previously made for Rhodococcus spp. Bll and B15 (De Domenico et al., 
2004), PCB removal did not prove to be strongly dependent on incubation tempera- 
ture. Additionally, it was also not related to the phylogenetic affiliation of isolates. 
At the two tested temperatures, PCB congeners were generally removed to a similar 
extent, even if the isolates were slightly more efficient at 15°C. Arthrobacter sp. 74 
exhibited similar biodegradative potential when growing at 4°C and 15°C, whereas 
Pseudoalteromonas sp. 19 more effectively removed PCBs at 15°C; Psychrobacter sp. 
15 weakly removed PCB congeners exclusively at 15°C (range 0.4%-25.2%). At 4°C, 
the removal of di-, tri- and tetrachlorobiphenyls was similar for Pseudoalteromonas 
sp. 19 and Arthrobacter sp. 74, whereas pentachlorobiphenyls were more signifi- 
cantly removed hy Arthrobacter sp. 74 (range 50.7%-70.6%). In comparison, at 15°C 
Pseudoalteromonas sp. 19 was more efficient than Arthrobacter sp. 74 in the degra- 
dation of almost all PCB congeners. 

Finally, Luz et al. (2004) assessed the biodegradative potential of indigenous 
microbial populations in 16 sub-Antarctic (from South Shetland Islands) and 13 
tropical soils (Brazil), which were both impacted and not impacted by anthropogenic 
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activities. A survey of catabolic genes encoding for alkane monooxygenase and aro- 
matic dioxygenases was performed (including alk, ndo, tod, xyl, cat, and bph). All 
catabolic genes were present in higher frequency in Antarctic soil samples, collected 
from the Admiralty Bay (King George Island) and the Maxwell Bay (Nelson Island), 
than in Brazilian soils, with todCl and bphAl (encoding for the large subunit of the 
terminal dioxygenase) as the most common. In particular, the bphAl genotype was 
detected by PCR in 10 contaminated (at both Admiralty Bay and Maxwell Bay) and 
3 uncontaminated (all at Admiralty Bay) soils, respectively. A DNA fragment with a 
size comparable (830-bp) to that of P. pseudoalcaligenes KF707 was produced and 
results were confirmed by hybridization to the bphAl gene probe. Results revealed 
that catabolic gene systems involved in biodegradative pathways mainly described 
in mesophiles also occur in microbial populations inhabiting very cold climates. The 
culture-independent molecular approach adopted by Luz et al. (2004) appears to be a 
useful tool in predicting the biodegradation potential of soil microbial communities 
in both cold and tropical ecosystems through the provision of basic knowledge on the 
distribution of degradative genotypes. 

11.4.3 PCB Biodegradation by Psychrotolerant 
Bacteria erom Temperate Environments 

PCB -degrading psychrotolerant microorganisms deriving from environments differ- 
ent to the Poles, or more generally microorganisms able to degrade PCBs at low tem- 
perature, may be used for bioremediation purposes in the Arctic where, in contrast 
to Antarctica, nonindigenous microorganisms could be introduced. This is despite a 
lack of evidence to date on the level of usefulness deriving from their utilization in 
these areas. 

Initial experiments dealt with the response of the whole microbial community 
to PCB contamination (without giving further information on the microorganisms 
involved in the process) in relation to the effects of temperature on the substrate 
removal in both aerobic and anaerobic conditions. Williams and May (1997) dem- 
onstrated the occurrence of microbial aerobic degradation of PCBs in Hudson River 
sediment samples, which were spiked with Aroclor 1242 and incubated at 4°C for 
several months. Certain di- and trichlorobiphenyls began to disappear from the sur- 
face sediment layer after 6 weeks, and >50% loss occurred within 5 months. In 
the same year, Wu et al. (1997) reported about the effect of incubation temperature 
(range 4°C-66°C) on the anaerobic reductive dechlorination of 2,3,4,6-tetrachlo- 
robiphenyl in freshwater pond sediments from Athens (Greece) and Massachusetts 
(United States). Temperature influenced both the timing and the relative predomi- 
nance of parallel pathways of dechlorination; e.g., meta dechlorination of 2, 3,4,6- 
tertachlorobiphenyl to 2,4,6-tetrachlorobiphenyl resulted predominant at all but two 
of the temperatures tested (18°C and 34°C); para dechlorination dominated at 20°C, 
and ortho dechlorination dominated at 15°C. Wu et al. (1997) concluded that field 
temperatures can be expected to play a significant role in controlling the extent and 
the nature of PCB dechlorination occurring at a given site. 

Subsequently, Lambo and Patel (2006a,b; 2007a,b) reported on a psychrotolerant 
PCB-degrading bacterium, namely, Hydrogenophaga taeniospiralis IA3-A that was 
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isolated from a long-term PCB-contaminated soil in the Western Newfoundland 
(Canada), characterized by its temperate climate. The strain I A3 -A was able to 
remove mono-, di- and trichlorobiphenyls in Aroclor 1221 at 5°C and 30°C after 
48 h of incubation (Lambo and Patel, 2006a). Unlike cultures incubated at 30°C, 
none of the congeners were totally removed at 5°C. Interestingly, certain conge- 
ners (i.e., 3,3'-dichlorobiphenyls, 2,3,6- and 2,3',6-trichlorobiphenyls) that were not 
removed at 30°C partially disappeared at 5°C. In particular, monochlorobiphenyls 
were removed in the range of 63%-89% at 5°C, whereas they totally disappeared at 
30°C, suggesting that low temperature probably slows down the cometabolism of 
these congeners. Dichlorobiphenyl removal was between 30% and 78% at 5°C, and 
between 30% and 100% at 30°C and finally, the removal of trichlorobiphenyls was 
in the range of 30%-75% and 27%-59% at 5°C and 30°C, respectively. Several con- 
geners with two or more ortho chlorines were generally resistant to the degradation 
by H. taeniospiralis IA3-A. The removal of di-, ortho-, and para-substituted conge- 
ners at 30°C rather than at 5°C indicated that the cometabolism of these congeners 
is probably enhanced by the presence of para-chlorines at the higher temperature 
tested. Results suggested that the incubation temperature could be a major determin- 
ing factor in the biodegradation process and that the specificity of cells for some 
congeners was probably different at different temperatures. Furthermore, Lambo 
and Patel (2006a) investigated the removal of individual congeners (i.e., 2,3- and 
2,4'-dichlorobiphenyl) in an attempt to assess the extent of removal of PCBs and the 
metabolites produced at different temperatures. After 72 h, the strain IA3-A removed 
68% and 83% of 2,4'-dichlorobiphenyl, and 35% and 44% of 2,3-dichlorobiphenyl 
at 5°C and 30°C, respectively. In particular, 2,3-dichlorobiphenyl was totally trans- 
formed into 2,3-chlorobenzoic acid (2,3-CBA) at both temperatures, whereas most 
of the 2,4'-dichlorobiphenyl was not recovered as CBAs. 

The influence of temperature on the removal of PCB congeners was further inves- 
tigated by Lambo and Patel for the strain H. taeniospiralis IA3-A through the use 
of Aroclor 1248 and Aroclor 1232 as substrates. After 48 h, di- and trichlorobiphe- 
nyls in Aroclor 1248 were degraded at both temperatures, whereas a unique con- 
gener with four chlorine substituents (more likely 2,3,4', 6-tetrachlorobiphenyl) was 
removed at 30°C (Lambo and Patel, 2006b). When studying the removal of conge- 
ners in Aroclor 1232, Lambo and Patel (2007a) observed that tetrachlorobiphenyls 
were also removed at 5°C (although to a lesser extent than at 30°C), whereas none 
of the pentachlorobiphenyls and the hexachlorobiphenyls disappeared. However, 
with regard to the chlorination of congeners in Aroclor 1248 and Aroclor 1232, the 
removal patterns were generally similar at both temperatures, with few exceptions 
(e.g., congeners in Aroclor 1248 with 2-ortho-, plus 5-meta- or 2-ortho, 3-meta, plus 
4-para substitution that were more slightly removed at 30°C). 

The cold adaptation of chlorobiphenyl-degrading upper pathway enzymes of 
H. taeniospiralis IA3-A was confirmed by analyzing the production of metabolites 
from 2,4'-dichlorobiphenyl at 5°C after 72 h. Both the rings of 2,4'-dichlorobiphenyl 
were oxidized as the production of 2- and 4-CBAs (both dead-end metabolites as 
confirmed by oxygen uptake experiments) was recorded (Lambo and Patel, 2006b). 
It has been suggested that ortho- and para-substituted congeners, including 2,4'- 
dichlorobiphenyl, could be used for both identifying bacteria that are able to more 
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efficiently transform PCBs and discriminating the specificity of attack of PCBs 
by monitoring the accumulation of chlorobenzoates and mefa-cleavage products 
(i.e., 2-hydroxy-6-oxo-6-phenyl-hexa-2,4-dienoic acids, HOPDAs) (Maltseva et al., 
1999). With this aim, a further investigation on the temperature effect (in the range 
10°C-45°C) on the pattern of transformation of 2,4'-dichlorobiphenyl by H. taenio- 
spiralis IA3-A was performed by Lambo and Patel (2007b). After 48 h, the isolate 
transformed 2,4'-dichlorobiphenyl to 2- and 4-CBA, 2-hydroxy-6-oxo-6-phenyl- 
hexa-2,4-dienoic acids (HOPDAs, some of which are precursors of toxic compounds) 
and inorganic chloride. The extent of degradation of 2,4'-dichlorobiphenyl resulted 
quite similar at low and moderate temperatures (10°C, 25°C, and 37°C; range 190- 
196|imol/L), whereas it was much lower at 45°C (46|imol/L). This suggests that 
2,4'-dichlorobiphenyl-degrading enzymes are sensitive to or inhibited by high tem- 
perature. Between 10°C and 37°C, the recovery of degraded 2,4'-dichlorobiphenyl 
as CBAs was in the range of 23%-27%; in contrast, at the higher temperature 87% 
of the degraded compound was recovered as CBAs. All data suggested that the 
pattern of transformation was different at 45°C and, contrary to low and moderate 
temperatures, it did not result in high level of HOPDAs. Finally, the detection of 
several isomeric intermediates suggested that multiple pathways may be involved in 
the transformation of 2,4'-dichlorobiphenyl by the strain IA3-A and that these were 
regulated differently at various temperatures. 

Overall, the results obtained by Lambo and Patel (2007b) support the idea that 
H. taeniospimlis IA3-A could be exploited in the aerobic phase of the anaerobic- 
aerobic bioremediation process. During this process, highly chlorinated congeners 
are anaerobically dechlorinated to produce lightly chlorinated congeners that can be 
degraded aerobically. 

11.5 SUMMARY 

Previous research focusing on the biodegradation of PCBs in polar environments 
has mainly addressed the detection and isolation of PCB-degrading microorgan- 
isms and the infiuence of incubation temperature on both the rate and extent of PCB 
removal by bacterial isolates. However, other important abiotic factors (e.g., salinity, 
pH, occurrence of other contaminants, and the real contamination levels in the natu- 
ral environment) should be taken into consideration in future research. It is well 
known that the differences in physical and chemical environmental variables, in 
addition to microbial physiological conditions, can strongly affect many biological 
processes, including those involving degradation. Coculture experiments should also 
be implemented in order to illustrate, even if on a small scale, the effect of microbial 
interactions on the biodegradation of PCBs, as different microorganisms share the 
same natural environment and could possess different congener specificities. 

Therefore, the treatment of a PCB -polluted cold area with the enrichment cul- 
tures of PCB-degrading microorganisms could not result in a real environmental 
decontamination. Further analyses should be performed in an attempt to optimize 
the biodegradation of PCBs by Arctic and Antarctic microbes at laboratory scale. 
An attempt to closely refiect the field conditions could result in more effective subse- 
quent bioremediation practices. 
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Further analyses with the aim of elucidating several biochemical and genetic 
aspects of PCB transformation in polar environments are required. This is espe- 
cially true with regard to Antarctic microorganisms as studies on the subject have 
focused predominantly on the identification and estimation of their biodegradative 
potentials. 

Finally, PCB degradation in polar regions has been reported for only a small 
number of bacterial genera obtained from soil and seawater (i.e., Pseudomonas for 
the Arctic, and Pseudoalteromonas, Psychrobacter, Rhodococcus, and Arthrobacter 
for the Antarctic). Thus, research efforts should be directed at the isolation from 
different matrices of novel microorganisms (both biotic and abiotic) involved in the 
degradation of PCBs in these remote areas, particularly in Antarctica where the 
introduction of allochthonous organisms is not permitted. 

In conclusion, the research on the degradation of PCBs in polar environments 
is in its infancy, and further small and large scale investigations are required to 
achieve a more in-depth understanding of the biotechnological potential of Arctic 
and Antarctic PCB-degrading microorganisms as bioremediation players in cold and 
temperate systems. 
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12.1 ANTARCTIC ENVIRONMENT 

Antarctica, which is the area south of 60°S, is the most pristine and least popu- 
lated continent on Earth. It is separated from the other continents by the Southern 
Ocean, which, at its narrowest between the Antarctic Peninsula and South America, 
is 1000 km wide (Hughes et al., 2006). When Antarctica broke away from South 
America ~30 million years ago, the formation of the circumpolar Southern Ocean 
and atmospheric current initiated a cooling process that has resulted in the frozen 
continent found today. Permanent ice sheets cover 99.6% of the land surface and 
the remaining ice-free land is composed of rocky nunataks that rise through the 
surrounding ice sheet and coastal areas, including the expansive continental Dry 
Valley region. In general, as latitude increases, mean annual temperature and there- 
fore liquid water availability decreases, ultraviolet (UV; 280-400 nm) radiation flux 
increases and seasonal variations in daylight duration become more pronounced. 
Stratospheric ozone depletion during the austral spring may also increase the levels 
of incident UV radiation, particularly at high latitudes. 

Antarctica can be divided into two terrestrial biogeographical zones: (1) the 
maritime Antarctic (which largely encompasses the western Antarctic Peninsula 
down to ~72°S and the South Shetland, South Sandwich, and South Orkney Islands) 
and (2) the much larger continental Antarctic region (which includes all of the vast 
East Antarctic, most of the West Antarctic and the eastern side of the Antarctic 
Peninsula). The fauna of the terrestrial maritime Antarctic is limited to two higher 
invertebrates (the Diptera Belgica antarctica and Parochlus steinenii) and around 
130 species of hexapods, mites, nematodes, and tardigrades. The flora comprises 
of many species of moss and lichens but only two vascular plants {Colobanthus 
quitensis [Antarctic pearlwort] and Deschampsia antarctica [Antarctic hair grass]). 
Continental Antarctica has a reduced diversity with probably fewer than 100 spe- 
cies of lower invertebrates and nematodes, and is dominated by simple organisms 
that can withstand the extreme environmental conditions, such as lichens (fungal- 
eukaryotic algal/cyanobacterial symbionts) and microorganisms including bacteria, 
fungi, protozoa, eukaryotic algae, and cyanobacteria. In the maritime Antarctic thick 
peat banks can be found (e.g., Signy Island, South Orkney Islands), but with increas- 
ing latitude, and certainly within continental Antarctica, mineral soils, which are 
characterized by low organic content, poor water-holding capacity, and low nutrient 
content, dominate. The sub-Antarctic islands that encircle Antarctica make up an 
additional biogeographic zone that experiences warmer and wetter conditions than 
Antarctica and as a result has much richer biodiversity, including many higher plants 
and invertebrates, and soils with more organic material. 



12.2 ANTARCTIC FUNGI 

The native Antarctic microbiota is poorly understood in comparison to other 
geographic regions. Since the first records in the mid-nineteenth century, more 
than 750 currently accepted species of fungi have been reported from the broader 
Antarctic region, with around 500 of these being reported from either the mari- 
time or continental regions (Bridge et al., 2008a,b). Surprisingly, relatively few 
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of these are species that are considered true psychrophiles, and the majority are 
normally mesophilic species that have some degree of cold tolerance. The larger 
fungi have been reported to be “remarkably similar to that of North Temperate- 
Arctic regions” (Pegler et ah, 1980), and the same is largely true of the microfungi. 
Onofri et al. (2007) suggested that some 22 species described from the region 
may be endemic, but some of these have since been isolated from elsewhere in the 
world including food cold-storage facilities, and arctic and alpine environments 
(e.g., Margesin et ah, 2005; Frisvad et ah, 2006). It is difficult to compare the 
limited information on Antarctic soil fungi with results from elsewhere due to a 
number of constraints. The figure of 750-F accepted species is derived from the 
1000-F fungal species names that have been reported over 150 years. However, 
there has been relatively little specific targeted fungal collection and isolation 
during that period, and this list is probably derived from around 100 individual 
field trips. In contrast, the best-recorded site for fungi in the United Kingdom is 
probably Esher Common, where some 3300 fungal species have been recovered 
from 380 ha due to a continuous extensive campaign by mycologists over some 
30 years involving at least several hundred collection activities (see Hawksworth, 
2001; Spooner and Roberts, 2005). Isolation methods and approaches also seem to 
affect the assessment of Antarctic microfungal diversity. In culture-based studies 
the most isolated fungi are filamentous ascomycetes and these often account for 
>80% of all fungi recovered (e.g., Baublis et ah, 1991). Molecular diversity studies, 
however, have suggested that there may be an equal number of basidiomycete and 
zoosporic fungi, although these are much rarer in culture-based studies (Lawley 
et ah, 2004). In one of the few studies to use both culture and molecular methods, 
Arenz et al. (2006) identified 71 fungal taxa from a series of sites, but of these only 
16 were detected by both methodologies. Another constraint in determining fungal 
diversity is the lack of homogeneity between often-isolated sampling sites. Studies 
on the Antarctic Dry Valleys have reported soil moisture contents varying from 
0.3% to 4.9% from nearby sites (Fell et ah, 2006), while differences of 2.5%-8% 
moisture content can occur over a few hundred yards at some maritime Antarctic 
sites (Newsham, personal communication). Given these constraints, it would seem 
unlikely that there is an extensive specialist Antarctic fungal population, and the 
species present in the region appear to be largely a restricted subset of those found 
in similar environments elsewhere. 

12.3 HUMAN ACTIVITY 

Since before the onset of International Geophysical Year of 1957-1958, humans have 
had a continuous presence in Antarctica and, in that time, there has been a heavy 
reliance on hydrocarbons to sustain human existence in the extreme polar environ- 
ment. Hydrocarbons, in the form of fuel oils, are used by national scientific operators 
(such as, the British Antarctic Survey) for transportation of personnel and cargo (via 
ships, aircraft, and overland vehicles) and operation of stations and infrastructure 
for scientific research (Platt et ah, 1981). In recent years, tourism has increased in 
Antarctica to some 33,000 tourists landing in the region during 2007-2008 from 
around 60 different vessels (International Association of Antarctica Tour Operators, 
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2008), with tourist operators relying on fuels for both ship and land-based tourism. 
Within Antarctica, inappropriate fuel oil transport and storage and/or human error 
have resulted in spills on land (Kerry, 1993), ice shelves (Wilkness, 1990), and at 
sea (Janiot et al., 2003). When oil spills occur, whether in the form of diesel (marine 
diesel oil), paraffin, avtur, petrol, engine oils, or lubricants, they can be highly 
visible against the backdrop of the pristine and often barren Antarctic terrestrial 
environment. Some spills that occurred several decades ago are still visible because 
nonbiological weathering can be slow and the indigenous microbiota have failed to 
sufficiently degrade the spilled hydrocarbons due to factors such as a lack of nutri- 
ents, the short periods each year when soil temperatures are high enough to permit 
biological activity, and low availability of liquid water (Kerry, 1993; Aislabie et al., 
2004). 

Under the Protocol on Environmental Protection to the Antarctic Treaty (1991) 
operators are obliged to clean up contaminated sites (Annex III to the Protocol on 
Environmental Protection to the Antarctic Treaty; Antarctic Treaty Consultative 
Parties, 1991). Removing contaminated soil is prohibitively expensive, so there has 
been considerable interest in finding in situ methods of cleaning up impacted sites 
using bioremediation. To complicate the situation to some extent, the Antarctic Treaty 
also states that the introduction of microbial species, including microorganisms that 
are not native to Antarctica is prohibited (Annex II to the Protocol on Environmental 
Protection to the Antarctic Treaty, 1991). Therefore, well-characterized hydrocar- 
bon-degrading bacteria and fungi suitable for bioaugmentation purposes that were 
isolated outside Antarctica, and in particular other cold environments, probably can- 
not be used, although the difficulties in determining what constitutes a nonnative 
fungus further complicates this issue. 



12.4 NATURAL SOURCES OF HYDROCARBONS 
IN THE ANTARCTIC 

So far, natural seeps of hydrocarbons have not been reported from terrestrial 
Antarctic environments, although some investigation has been made into some 
Antarctic sedimentary basins (e.g., the Larsen basin) for hydrocarbon potential 
(Macdonald and Butterworth, 1990). Nevertheless, Antarctic fungi will have come 
across hydrocarbons associated with plants, cyanobacteria, algae, invertebrates, and 
meteorites (Crespo et al., 2000; Aislabie et al., 2004; Bridge et al., 2005). Eungi, 
in general, have a wide range of extracellular enzyme activities (see Paterson and 
Bridge, 1994) and those found associated with bird feathers may also be able to 
degrade or utilize the associated oils. This may account for the report of the nor- 
mally lignicolous Pycnoporus coccineus from Antarctic penguin cadavers (Baublis 
et al., 1991). 



12.5 FUNGAL DEGRADATION OF HYDROCARBONS 

Eungi have different means of degrading hydrocarbons depending upon the environ- 
mental conditions, strain type, and hydrocarbon chemistry. 
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12.5.1 Aliphatic Hydrocarbons 

Aliphatic hydrocarbons often make up the largest proportion of hydrocarbons 
released during a spill, e.g., petrol and diesel consist of up to 90% C 14 -C 20 aliphat- 
ics, the majority of which are alkanes (Stroud et ah, 2007). The physiochemical 
properties of aliphatics, such as insolubility and low volatility, particularly at chain 
lengths >Ci 4 , mean that, once spilled, they may not be readily removed from soils 
by physical processes such as evaporation or leaching. Nevertheless, both Antarctic 
bacteria and fungi may produce biosurfactants, which can aid in the degradation of 
hydrocarbons by increasing the concentration of aliphatic hydrocarbons in the aque- 
ous phase available for biodegradation (Yakimov et ah, 1999; Kitamoto et ah, 2001; 
Vasileva-Tonkova and Gesheva, 2004). Fungi have long been known to degrade the 
saturated aliphatic fraction of oils, with different species able to degrade different 
chain lengths (Markovetz et ah, 1968). April et al. (2000) isolated filamentous fungi, 
including some from northern Canada, that could oxidize aliphatic fractions of crude 
oil, but there was no evidence of aromatic hydrocarbon degradation. Most studies 
on the fungal degradation of aliphatic compounds have been undertaken for alkanes 
and there is little information available for alkenes. However, the yeast Candida 
Upolytica has been shown to degrade hexadec-l-ene and heptadec-l-ene to produce 
a variety of products (Klug and Markovetz, 1968). 

12.5.2 BTEX AND Monoaromatic Compounds 

Monoaromatic compounds, including the BTEX hydrocarbons (benzene, tolu- 
ene, ethylbenzene, and m-, o-, and p-xylene), may enter the Antarctic environment 
through petroleum or fuel oil spills and leakages. Many metabolic routes exist to 
convert benzenoid compounds into readily assimilable molecules. Monoaromatic 
hydrocarbons can be degraded by enzymes commonly involved in both lignin deg- 
radation and in methylation. However, aerobic degradation by both intracellular and 
extracellular enzymes is involved using a wide variety of metabolic routes. Before 
ring cleavage can occur, the ring must have two hydroxyl groups in place, which 
may involve the removal or modification of existing groups. The hydroxylation is 
performed by monooxygenases or enzymes associated with lignin degradation. 
Dioxygenases cleave the modified aromatic ring by the insertion of a molecule of 
oxygen, after which the fission product is further degraded by passing through stan- 
dard well-characterized catabolic pathways (Buswell, 2001). Some fungi can grow 
directly on one or more of the BTEX compounds, examples include some Exophiala 
isolates that utilize ethylbenzene and Cladosporium sphaerospermum that can grow 
on toluene. Other compounds in this group that are known to be metabolized by 
fungal oxidation or hydroxylation include some propyl- and dialkyl-benzenes, xylene 
isomers, and styrene (see Sutherland, 2004, for a review). 

12.5.3 Polyaromatic Hydrocarbons (PAHs) 

The major natural sources of PAHs are crude oil and coal tar, but they can be 
anthropogenically released into the environment by petroleum hydrocarbon spills, 
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incomplete combustion of fossil fuels from engine exhausts, and inadequate incin- 
eration of waste. PAHs can be accumulated by some soil invertebrates, but are not 
generally taken up by plants (Wilcke, 2000). PAHs show little solubility in water and 
have a strong binding affinity with organic material in soils, which may decrease 
their availability to potential degrading microorganisms. PAHs are toxic to mam- 
malian cells by a number of processes that generally result in damage to cellular 
DNA. PAH metabolites and degradation products may have a direct effect on the cell 
function by binding directly to DNA, RNA, and proteins (reviewed by Harvey, 1992; 
Harvey et ah, 1999; Luch, 2005). As eukaryotes, fungi have many similar metabolic 
pathways to mammalian cells and as a result are likely to be susceptible to DNA 
damage by PAHs. 

12.5.3.1 Oxidation of PAHs by Lignin-Degrading Fungi 

The white-rot fungi are normally wood degrading fungi that utilize lignin and 
degrade it to CO 2 , largely through the action of extracellular peroxidase enzymes 
(Holzbaur et al. 1991). Some fungi may be able to degrade PAHs when degrading 
other substrates (Marquez-Rocha et ah, 2000), while white-rot fungi can degrade a 
wide range of PAHs and other pollutants due to their use of nonspecific radical oxi- 
dation (Aust, 1995). White-rot fungi produce a range of oxidative enzymes including 
catalases, laccases (polyphenol oxidases), and lignin peroxidases that act together 
in the degradation of lignin (Thurston, 1994; Carlisle et ah, 2001). These enzymes 
act to form short-lived free radicals that can oxidatively degrade a wide range of 
environmental pollutants including those found in petroleum hydrocarbons (Yateem 
et ah, 1998). Lignin peroxidase (LiP) and manganese-dependent peroxidase (MnP) 
are both heme-containing extracellular enzymes that require hydrogen peroxide, 
produced by the fungus, to complete the catalytic cycle. Lignin peroxidases have a 
pH optimum of around 3, as the environment within wood is normally around 4 and 
decreases further due to oxalic acid production by the fungus. The enzymes react 
with hydrogen peroxide to release highly reactive oxygen-containing free radicals 
that break the covalent bonds in hydrocarbon chains (Carlisle et ah, 2001). The com- 
bination of LiP, MnP, and laccases secreted by fungi depends upon the culture con- 
ditions and substrate. Unusually for carbon cycle enzymes, the production of these 
peroxidases are largely unaffected by the presence of utilizable carbon, but their 
production may be stimulated under nitrogen-limited conditions (Fenn and Kirk, 
1981). This may not be a major problem in the Antarctic where the largely mineral 
soils have a very low organic content, and generally low nitrogen levels (see Bridge 
and Newsham, 2009). 

12.5.3.2 Oxidation of PAHs by Non-Lignin-Degrading Fungi 

The first step in the degradation of PAHs by non-lignin-degrading fungi is an oxida- 
tion of aromatic rings by a cytochrome P450 monooxygenase. Subsequent breakdown 
can involve hydroxylases and conjugation to produce a wide range of breakdown 
products (see Sutherland, 2004). Some species of Penicillium are able to degrade 
the four-ringed PAH pyrene (Saraswathy and Hallberg, 2002). Many Antarctic 
soils have properties that permit good levels of aeration and oxygenation, i.e., little 
organic carbon, low water retention, and coarse texture. Conversely, the aeration of 
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some polluted subsurface soils may be reduced when spilled hydrocarbons become 
immobilized above the permafrost layer (Walworth et ah, 2008). Such soils may 
become oxygen-limited or depleted, and molecular oxygen may not be available for 
oxygenases to operate, so limiting catabolism of different hydrocarbons of whatever 
chemistry. Oxygen is not always essential for hydrocarbon degradation and, mono- 
aromatic and PAHs may he metabolized by microbial consortia by sulfation, methy- 
lation, or conjugation with some monosaccharides or glucuronic acid (Zeyer et ah, 
1986; Mihelcic and Luthy, 1988; Cerniglia and Sutherland, 2001). In general terms, 
although PAHs are readily transformed and degraded by fungi, they are only rarely 
used as growth substrates, one notable exception being the growth on phenanthrene 
by Rhodotomla glutinis (Romero et ah, 1998; Sutherland, 2004). 



12.6 OCCURRENCE OF HYDROCARBON-DEGRADING 
FUNGI IN ANTARCTICA 

There have been some discussions on the number of fungi that are considered to 
be truly endemic to the Antarctic (de Hoog et ah, 2005; Onofri et ah, 2007; Bridge 
et ah, 2008h). Onofri et al. (2007) listed some 22 species of microfungi that they 
considered endemic to continental Antarctica, although some of these, such as 
Penicillium antarcticum have subsequently been found to occur in other low tem- 
perature environments. Given that around 1000 fungal species have heen described 
from the hroad Antarctic area, the 20 or so considered endemic would be around 
2% of the diversity. How the other 98% have arrived in the region has also been the 
subject of some speculation. Chalmers et al. (1996) have shown that air movements 
could transport fungi from South America to the Antarctic, and that the meteorolog- 
ical conditions required would occur some three times in every 2 years (Chalmers 
et al., 1996; Marshall, 1996). Airborne distribution would be unlikely for many other 
species, such as Pythium spp. that are normally waterborne taxa, and de Hoog et al. 
(2005) have demonstrated that some species of Thelebolus found in Antarctic lakes 
and deposits are also associated with birds, and such vectors may be involved in the 
routine introduction of fungi. Some studies have suggested that fungi may be intro- 
duced by human activity, as diversity and numbers are higher in areas associated 
with Antarctic bases (e.g., Bial Lasiewicz and Czarnecki 1999), but there is probably 
insufficient data to determine if this is due to the introduction of fungi or the envi- 
ronmental changes (heat, substrate availability, etc.) associated with the bases. 

Table 12.1 lists genera and species of hydrocarbon-degrading fungi that have been 
isolated from the Antarctic region. 

12.6.1 Basidiomycete Fungi and Yeasts 

Lignin-degrading fungi (generally basidiomycetes) are known to produce enzymes 
that degrade aromatic hydrocarbons. The almost ubiquitous distribution of lignin- 
degrading fungi in other parts of the world, including cold regions, may not extend, 
to any significant degree, to Antarctica as the climatic conditions preclude the growth 
of woody plants, and therefore the capacity to degrade lignin would confer little 
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Spowbolomyces'° Four species including one synonym of P. 

antarctica. Soil and water 

Filamentous Neurospora crassa^ As Neurospora sp. soil 

Ascomycetes 

Sporormiella australis^ As Sporormiella sp. air 




Acremonium*’ Twelve species reported from soil, lichens, D. 

antarctica, water foam, sea water, mud, soil, and 
midge gut 

Aureobasidium'' Most collections identified as A. pullulans. Soil, 

air, and Campylopus pyriformis 
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Cladosporium herbamm^''^ Air, soil, lichens, mosses, and from buildings 

Curvularia lunata^ Curvularia sp. reported from microbial mats in 

freshwater lakes 
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advantage. Trees did persist in Antarctica until the Eocene, and fossil remains can 
still be found with evidence of ancient wood decaying fungal activity (Cantrill and 
Poole, 2005). Today, lignin-availability is limited to wood debris washed ashore by 
ocean currents (Barnes et ah, 2004), or timber imported to Antarctica for construction 
purposes during the last 100 years. Typical white-rot fungi, such as Phanerochaete 
chrysosporium, have not been recorded from the true Antarctic, although Trametes 
species have been reported from the sub-Antarctic island of South Georgia. Within 
the maritime and continental Antarctic, brown rot or white rot wood-decaying basid- 
iomycetes may be rare due to their sensitivity to exceedingly dry environmental 
conditions common at high latitudes (Blanchette et al., 2004). There are few records 
of specialist lignin-degrading fungi from the Antarctic including the single record of 
a filamentous specialist wood-degrader Hohenbuehelia sp. from dry continental soil, 
a Trametes sp. from imported wood on the maritime Antarctic Signy Island and the 
wood rotting P. coccineus from a mummified penguin cadaver (Pegler et al., 1980; 
Baublis et al., 1991; Fell et al., 2006). 

Where found, basidiomycetous yeasts are generally more common than filamentous 
basidiomycetes. The yeasts reported from the Antarctic are largely species that are 
cosmopolitan, or have also been reported from other cold environments, although most 
species are psychrotolerant rather than psychrophilic (Ludley and Robinson, 2008). 
Atlas et al. (1978) isolated Cryptococcus, Rhodotorula, Candida, Sporobolomyces, 
Torulopsis, and Aureobasidium spp. from continental Antarctica, and in some soils, 
yeasts were found in numbers equal to the total enumerable heterotrophic microbial 
population. Pigmentation may reduce the susceptibility of yeasts and filamentous fungi 
to solar UV damage, and enhance their ability to survive in the Antarctic terrestrial 
environment (Butler and Day, 1998; Hughes et al., 2003). Cryptococcus spp. that have 
been isolated frequently from Victoria Land mosses (Tosi et al, 2002) and Trichosporon 
spp. that have been recovered in the McMurdo Dry Valleys (Fell et al., 2006). In con- 
trast, basidiomycetes are relatively common in Arctic and sub-Antarctic soils, probably 
because many higher plants and cryptogamic species are found within these biogeo- 
graphic zones and climatic conditions may not be as extreme as at equivalent latitude in 
the Antarctic (Pegler et al., 1980; Smith, 1994; Ludley and Robinson, 2008). 

From Table 12.1 it is clear that there are many yeasts and soil fungi in Antarctica 
belonging to genera with isolates known to degrade hydrocarbons, including PAHs. 
These fungi may be an unexploited source of cold-tolerant hydrocarbon-degrad- 
ing enzymes. Yeasts are common components of the Antarctic soil microbial 
community and may play an important role in facilitating hydrocarbon degrada- 
tion for other microbial groups and undertaking degradation themselves. Much 
research has focused on the basidiomycetous yeast-like fungus Pseudozyma antarc- 
tica (previously known as Candida antarctica) that could convert Cjj-Cjg alkanes 
into glycolipid biosurfactants (e.g., mannosylerythritol lipids), which, in turn, could 
enhance the emulsification and degradation of kerosene in vitro (Kitamoto et al., 
2001; Hua et al., 2004). Cold-tolerant alpine yeasts were shown to degrade mono- 
aromatic hydrocarbons (Bergauer et al., 2005); strains included Cryptococcus, 
Rhodosporidium, Rhodotorula, and Sporobolomyces spp. — all of which are present 
in Antarctic soils. The cold-tolerant yeast Yarrowia lipolytica (which has been iso- 
lated from Antarctic microbial mats) proved effective at degrading diesel oil in soils 
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at low temperatures (Margesin and Schinner, 1997). Indeed, the capacity of yeasts to 
degrade hydrocarbons may be greater than that of bacteria, for example, of 61 cold- 
adapted bacteria and 28 yeast isolates, 79% of yeast could degrade hexadecane (cf. 
6% bacteria), up to a third could use phenol, phenanthrene, or anthracene for growth 
(cf. 13% of bacteria), and optimal temperatures for phenol degradation were gener- 
ally lower than for bacteria (Margesin et al., 2003). 

12.6.2 Ascomycete Fungi 

The majority of the fungi listed in Table 12.1 are filamentous ascomycetes. Many 
of these, such as Aspergillus sp., Penicillium sp., and Trichoderma sp., are cosmo- 
politan fungi that occur on a wide range of substrates worldwide. In addition to the 
species and genera included in Table 12.1, a number of other fungi that have been 
reported from the Antarctic are known to be able to utilize aliphatic compounds. 
These include the ascomycete yeast Y. lipolytica that can utilize both alkanes and 
alkenes and normally invertebrate associated Beauveria bassiana that has been 
grown on a range of alkane substrates (Sutherland, 2004), both of which have been 
isolated from microbial mats in Antarctic lakes (Gottlich et al., 2003). 

In the last 100 years, man has colonized Antarctica and imported wood for the 
construction of huts and larger buildings. Studies of the decomposition of wood 
in huts erected in the “Heroic Age” by Scott and Shackleton have shown that 
Ascomycete soft-rot Cladospora spp. that are probably endemic to Antarctica, are 
largely responsible for the recorded decay (Blanchette et al., 2004). Ascomycetes 
do not have the PAH-degrading enzymes common in basidiomycetes. Arenz et al. 
(2006) suggested that fungi found associated with wood and artefacts in continental 
Antarctica are likely to be indigenous and, as opportunists, have taken advantage 
of the anthropogenic introduction of organic materials into their environment. In 
contrast, nonindigenous fungi imported on non-treated wood to research station in 
the climatically less extreme northern Antarctic Peninsula, may be able to colonize 
soil ecosystems, where they may play a part in the degradation of any hydrocar- 
bons spills associated with the research stations (Hughes and Stallwood, 2006). A 
potentially nonnative (alien) hydrocarbon-degrading fungus may already have been 
introduced to Antarctica; Line (1988) and Kerry (1990) found Hormoconis resinae 
in Antarctic soils, but only those that had experienced significant human impact 
including contamination with oil. H. resinae is well known in the aviation indus- 
try for contaminating fuel and blocking fuel lines through the rapid conversion of 
alkanes into fungal filamentous biomass. It is likely that this fungus was introduced 
to Antarctica in contaminated fuel and then colonized impacted soils. 



12.7 TOLERANCE AND UTILIZATION OF HYDROCARBONS 
BY ANTARCTIC SOIL FUNGI 

12.7.1 In Vitro Experiments 

Few studies have investigated the tolerance of resident Antarctic fungi to hydrocar- 
bons, or their ability to utilize them as a carbon source. In one recent study (based 
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around Rothera Research Station, Adelaide Island, Antarctic Peninsula) soils were 
collected from (a) relatively pristine sites and (b) areas that had experienced oil con- 
tamination, and attempts were made to culture microorganisms in the presence of 
seven separate aromatic hydrocarbons (toluene, xylene, naphthalene, phenol, biphe- 
nyl, benzoic acid, and hydroxybenzoic acid), two aliphatic hydrocarbons (dodecane 
and hexadecane), and marine gas oil (MGO; a complex mixture of aliphatic, aro- 
matic hydrocarbons, and fuel additive) (Hughes et ah, 2007). Generally, soil bacteria 
were better able to grow in the presence of a wider range of hydrocarbons than fungi, 
with only toluene preventing bacterial growth in all soils tested. Fungi were not read- 
ily isolated from soils in the presence of most aromatic hydrocarbons compared to 
the aliphatic hydrocarbons and MGO. Six filamentous fungi, namely, Mollisia sp., 
Penicillium commune, Mortierella sp., Trichoderma koningii, Trichoderma sp., and 
Phoma herbarum isolated from Rothera Point soil were further examined for their 
ability to grow on a minimal media agar-containing glucose in the presence of the 
hydrocarbons. All the aromatic hydrocarbons reduced the growth rates of all six 
fungi, while aliphatics generally either increased or had no signihcant effect on the 
growth rate compared to the no hydrocarbons control (Figure 12.1). When glucose 
was removed from the minimal media, leaving no readily utilizable carbon source, 
the addition of aromatic hydrocarbons usually reduced hyphal extension rate, while 
the alkanes had no signihcant effect. MGO generally inhibited growth, possibly 
because the complex mixture of aromatic components makes it toxic to some fun- 
gal strains even though the alkane component, which makes up the majority of the 
oil, may not be toxic to these organisms. When fungal isolates were tested for their 
ability to assimilate hydrocarbons as a sole carbon source, Mortierella sp. was able 
to utilize dodecane. Mortierella sp. biomass was greater when additional nutrients 
were supplied in the form of yeast extract, indicating that adequate nutrient avail- 
ability may be necessary for rapid hydrocarbon degradation in the held (as shown 
for bacteria by Stallwood et al. (2005) and Kerry (1993)). These experiments were 
performed in vitro, with high or saturated concentrations of hydrocarbons, so the 




FIGURE 12.1 Growth rates of Trichoderma sp. on minimal media containing 1% glucose 
in addition to marine gas oil (■), hydroxybenzoic acid (□), dodecane (•), hexadecane (O), 
m- and p-xylenes (♦), naphthalene (0), benzoic acid (▼), toluene (V), biphenyl (A), or a no 
hydrocarbon control (A). (Taken from Hughes, K.A. et al., Sci. Total Environ., 'ill, 539, 2007. 
With permission.) 
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degradation and utilization of a wider range of hydrocarbons may have been possible 
at lower concentrations. 

12.7.2 Potential In Vivo Impacts 

Spilled hydrocarbons may have two opposing effects on indigenous microbial pop- 
ulations. (1) Hydrocarbons may increase soil microbial biomass by providing an 
additional carbon source for microbes, with the appropriate physiological and bio- 
chemical capabilities, to undertake aliphatic and/or aromatic compound degradation 
and assimilation. (2) Hydrocarbons (especially BTEX and PAHs) may have toxic 
effects on microbiota, thereby reducing the opportunity for potential hydrocarbon- 
degraders to utilize any hydrocarbonoclastic capabilities, and potentially reducing 
soil biodiversity by killing hydrocarbon-sensitive microbial strains. Which effect 
dominates will depend on many factors and interactions; however, the data avail- 
able to make informed predictions are scanty. For example, we have relatively little 
information on true levels of fungal biodiversity across Antarctic soils. Nor do we 
know how the functional capabilities of that biodiversity fluctuates under different 
conditions of (1) hydration, (2) natural nutrient input, (3) oxygen availability, (4) low 
or rapidly fluctuating temperatures, (5) pH, (6) salinity, (7) soil organic or humus 
content, or (8) environmental variability throughout the polar year. The addition of 
hydrocarbons to this already complex system would cause changes that we are not 
currently able to predict with accuracy. Shifts in soil community composition may 
occur due to physiological and biochemical characteristics of individual component 
species. Kerry (1990) found that Geomyces pannorum and Thelebolus microsporus 
were less common in contaminated soils compared to less impacted sites, while 
Leahy and Colwell (1990) reported that Trichoderma and Mortierella spp. were 
the most common isolates in hydrocarbon-polluted soils, with Penicillium spp. also 
frequently isolated. Four of the six species isolated by Hughes et al. (2007) from 
impacted soil belonged to these genera, which may point to a degree of ubiquity 
in fungal species found associated with hydrocarbon-contaminated soils in differ- 
ent regions. Aislabie et al. (2001) reported that culturable fungi increased in hydro- 
carbon-contaminated Antarctic soils compared to the pristine control soils, and the 
dominant species changed from Chysosporium sp. in control soils to Phialophora 
sp. in hydrocarbon-contaminated soils. The declining levels of fungal biodiversity 
found as climatic condition become more severe (and typically with increasing lati- 
tude [Lawley et ah, 2004]) mean that for some inland continental sites there may 
not be adequate enzymatic capacity to degrade all the complex mixture of hydro- 
carbons found in commonly used Antarctic fuels and oils. However, some general 
outcomes of fungal populations might be tentatively suggested. Following an oil 
spill, volatile compounds, including BTEX, are likely to inhibit fungal activity until 
the concentrations are reduced to subinhibitory levels by evaporation, microbial deg- 
radation, or dispersal/seepage through the soil or ice. The time that this process takes 
will depend on the characteristics of the soil, the environmental conditions, and the 
volume/type of hydrocarbon spilt. Humic substances can reduce the toxicity of 
spilled hydrocarbons by adsorbing/absorbing some of the toxic components; however, 
many Antarctic soils have few organic components making this outcome less likely. 
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Low organic content in soils may allow a rapid vertical seepage of hydrocarbons to 
considerable depths, which may also impair the removal of volatile fractions. Fungal 
strains (a) with sufficient inoculum in the soil, (b) that are less sensitive to BTEX 
or PAHs, and (c) that can degrade accessible aliphatic hydrocarbons may become 
dominant within the fungal community, assuming there is sufficient water and oxy- 
gen levels, nutrient availability, and temperatures are high enough to allow them to 
capitalize on their physiological advantage. 

12.8 FUNGAL BIOREMEDIATION OF 

CONTAMINATED ANTARCTIC SOILS 

The use of filamentous fungi as bioremediative agents in Antarctic soils may have 
several benefits: 

• Fungal extracellular low temperature enzyme systems can permit access to 
hydrocarbon substrates of low solubility. 

• Use of extracellular enzymes may allow hydrocarbon-degrading fungi to 
tolerate higher levels of toxic substrates than would be possible if the sub- 
strate had to be internalized before catabolism. 

• Depending upon the strain, fungi may be more tolerant to high concentra- 
tions of some pollutants than bacteria. 

• Although bacteria are generally faster PAH degraders, fungi may show the 
ability to degrade a wider selection of aromatic hydrocarbons, and therefore 
play an important part in soil bioremediation (Saraswathy and Hallberg, 
2002). 

• Filamentous fungi may rapidly penetrate the soil matrix and access hydro- 
carbons, including PAHs that are initially inaccessible to bacteria (Novotny 
et ah, 1999). 

• Fungi can tolerate low nutrient concentrations and pHs. 

• Some fungi show considerable desiccation tolerance (Boddy et ah, 1985). 

Despite these benefits, reports suggest that hydrocarbon-degrading basidiomy- 
cete filamentous fungi are rare in Antarctica. However, as mentioned earlier, the 
option of introducing a well-characterized hydrocarbon-degrading fungal species to 
Antarctica from another part of the globe to help to remediate contaminated soils is 
not available, as importation of nonnative species (including microorganisms) is not 
permitted under The Protocol on Environmental Protection to the Antarctic Treaty 
(Annex II). If fungal bioremediation is considered to have future potential, research 
emphasis should focus on finding native Antarctic low-temperature hydrocarbon- 
degrading fungi, as has already been done for Antarctica bacteria (Baraniecki et ah, 
2002; Panicker et ah, 2002; Stallwood et ah, 2005). 

12.8.1 Biostimulation of Indigenous Fungi with Nutrients 

Biostimulation is the activation of indigenous bacteria and fungi through the addi- 
tion of nutrients to degrade a pollutant. Native microorganisms are generally well 
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adapted to the local environmental conditions and therefore the addition of nutrients 
to stimulate growth should, in theory, permit the degradation of the pollutants. 
Problems arise when the indigenous microorganisms do not have the necessary 
enzymatic capabilities, or they are not represented to an effective level in the soil to 
bioremediate the soil at an acceptable rate. For example, indigenous microorganisms 
may not be able to degrade high molecular weight molecules or emulsify insoluble 
compounds (Mancera-Lopez et al., 2008). It is also notoriously difficult to optimize 
the levels of nutrients and hydration in contaminated soils so that bioremediation is 
enhanced, and until now, most research has focused on optimizing conditions for 
bacterial bioremediators (Walworth and Ferguson, 2008). 

12.8.2 Bioaugmentation with Artificially Added 
Fungi (Mycoremediation) 

Bioaugmentation is the addition of microorganisms, previously cultured in the labo- 
ratory, to assist in the degradation of pollutants in the soil. Much of the research that 
has been performed on mycoremediation has used basidiomyces (e.g., Radtke et al., 
1994; Pozdnyakova et al., 2008), which have little known presence in Antarctica 
(Bridge et al., 2008a). If a suitable fungus was isolated from the Antarctic environ- 
ment, which showed acceptable hydrocarbon-degrading properties in laboratory and 
field experiments, it may be suitable for in situ bioremediation in Antarctic soils by 
augmenting the bioremediative action of the indigenous microbial population. Two 
possible candidates for this may be Y. lipolytica and P. antarctica as both are present 
in the Antarctic and are known to be capable of growth on hydrocarbons and high 
lipase production in vitro, respectively. There is little evidence as yet as to how effec- 
tive these activities are in vivo in the Antarctic soil environment. Bioaugmentation 
is unlikely to be effective if the fungus does not grow to a sufficient biomass in the 
soil to have a significant bioremediative effect (Reddy, 1995). Problems may include: 
(1) competition and predation by well-adapted indigenous Antarctic soil species 
(Federici et al., 2007), particularly if biostimulation is used simultaneously, (2) a 
slowing of fungal growth due to an inability to predict or supply adequate nutri- 
ents, and (3) unsuitable growing conditions at the contaminated site (temperature, 
pH, hydration, and aeration). The interactions of the artificially added fungus with 
the indigenous population can determine the extent of bioremediation. In nonpo- 
lar soils, microorganisms can inhibit the introduced fungus (Radtke et al., 1994; 
Andersson et al., 2003) or enhance bioremediation by the further degradation of the 
pollutants partially metabolized by the fungi (Mougin et al., 1997; Kotterman et al., 
1998; Federici et al., 2007; Mancera-Lopez et al., 2008). Some fungi can undertake 
the initial oxidation of pollutants, which may increase water solubility and increase 
hydrocarbon availability to bacterial species for further degradation (Sasek, 2003). 
The initial application and care of the allochthonous fungus during the bioreme- 
diative process have yet to receive sufficient research. Although several small-scale 
bioremediation projects using fungi have been successful outside Antarctica (Lamar 
and White, 2001), so far there is no reliable large-scale soil bioremediation tech- 
nology available or appropriate for use in Antarctica. Individual bacterial strains 
may only have the ability to degrade a limited range of hydrocarbons (Farinazleen 
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et al., 2004); however, the addition of a consortium of microbial species to soils may 
greatly increase the enzymatic capability of the population and increase the range, 
extent, and rate of degradation, particularly if the consortium includes fungi that 
produce nonspecihc hydrocarbon-degrading enzymes, such as the white-rot fungi 
(Colombo et ah, 1996; Mancera-Lopez et ah, 2008). For example, Boonchan et al. 
(2000) showed that cocultures of Penicillium janthinellum and a consortium of bac- 
teria isolated from a contaminated site showed enhanced levels of PAH bioreme- 
diation compared with the indigenous microorganisms and soil amended with only 
axenic inocula. 

12.8.3 Mycorrhizal Bioremediation 

The potential for using fungi associated with plant roots to bioremediate hydro- 
carbon spills in Antarctica has received little attention. Plant roots and associated 
microorganisms, including fungi, may accelerate the rate of pollutant degradation 
due to (1) the stimulation of microbial activity at the plant roots, and (2) the selec- 
tion of microorganisms that can degrade plant secondary metabolites and, therefore, 
many hydrocarbons that may be co-metabolized alongside plant material (Kuiper et 
ah, 2004). Fungi commonly found as mycorrhizal in the Northern Hemisphere have 
been found in the Antarctic associated with lower plants and the two vascular plant 
species (Upson et ah, 2007, 2008). Recent increases in temperature on the Antarctic 
Peninsula (Vaughan et al., 2003) and concomitant increases in water availability may 
increase plant distribution and biodiversity (Convey and Smith, 2006) with associ- 
ated increases in mycorrhizal biomass (e.g., Hymenoscythus ericae). Nevertheless, 
the current scanty distribution of higher plants and other mycorrhiza-forming cryp- 
togams in Antarctica, and the fact that they are largely absent at existing contami- 
nated sites, mean that mycorrhizal fungi are unlikely to be of direct practical use in 
the bioremediation of Antarctic hydrocarbon spills in the near future, although this 
may not be true for the Arctic. 

12.9 SUMMARY 

Antarctic environmental conditions make the bioremediation of hydrocarbon- 
contaminated soils technically challenging. Potentially, there are many cold-adapted 
fungal enzymes for hydrocarbon degradation that could be exploited for bioremedia- 
tion purposes. The biostimulation of local microbial population, and bioaugmentation 
with a consortium of native hydrocarbon-degrading bacteria and fungi may produce 
the best opportunity for successful in situ bioremediation in Antarctica. However, 
there are no guarantees of success, as much is still unknown about the physical and 
biological processes involved in Antarctic soil bioremediation. To complicate mat- 
ters further, lignin-degrading fungal species, traditionally chosen for hydrocarbon 
and PAH bioremediation elsewhere, are largely absent from Antarctic soils (although 
not in the sub-Antarctic), and use of nonnative fungi for bioremediation is not per- 
mitted under the Antarctic Treaty. As a result, if mycoremediation is to become 
a cost-effective reality, further investigations into Antarctic fungal biodiversity, 
bacterial-fungal interactions, and hydrocarbon-degradation capacity are required. 
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13.1 INTRODUCTION 

Naturally occurring petroleum hydrocarbons are complex mixtures of linear, poly- 
cyclic, and heterocyclic organic compounds with molecular composition known 
to change overtime and location when released into the environment due to biotic 
and abiotic processes. Petroleum hydrocarbons are substantial components of a 
wide range of commercial fuels, lubricants, sealants, and tars, including mineral 
oils, greases, aviation and vehicles fuels, heavy fuel oils, asphalt, and are incor- 
porated in a wide variety of other materials such as paints, solvents, and creo- 
sotes. The two main classes of the major constituents of crude oil are the saturated 
hydrocarbons (linear and cyclic alkanes and alkenes) and the polycyclic aromatic 
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hydrocarbons (referred hereafter as PAHs). The remaining two other classes contain 
polar nonhydrocarbons, heterocycles, and heavy nonvolatile compounds, and are 
forming classes of asphaltenes (including polyphenols, ketones, esters, fatty acids, 
and porphyrins) and resins (pyridines, quinolines, carbazoles, sulfoxides, and 
amides). The mutagenic and carcinogenic effects of some high molecular weight 
PAHs have been clearly established (Cavalieri and Rogan 1998). In addition, even 
PAHs showing low mutagenic effects can produce, as part of their catabolism by 
different organisms, metabolic intermediates with significantly higher toxic effects 
compared to original compounds (Hall and Grover 1990). 

Human activities in high-latitude regions rely heavily on fossil fuels for transpor- 
tation and generation of heat and electricity. In the northern hemisphere, petroleum 
industry activities are rapidly growing in the Arctic Barents Sea. In the South, the 
Antarctic can no longer be considered as a pristine environment because hydro- 
carbon contamination has affected many coastal marine and terrestrial areas (Karl 
1992, Mazzera et al. 1999, Bej et al. 2000, Delille and Pelletier 2002, Martins et al. 
2004). A number of accidental fuel spills on land occurred mainly near scientific 
stations where the storage and refueling of vehicles can result in small and large 
spills (Aislabie et al. 1999). While the fuels used in polar regions are predominantly 
composed of aliphatic hydrocarbons ranging from Cg to C 30 , the relatively smaller 
fraction of aromatic hydrocarbons are pollutants of great environmental concern due 
to their toxic, mutagenic, and carcinogenic properties (Snape et al. 2001, Ferguson 
et al. 2003a,b, Coulon et al. 2004, Coulon and Delille 2006). For example, toxic PAHs 
have been shown to accumulate in soils from Palmer Station (Kennicut et al. 1992), 
Scott Base (Aislabie et al. 1998, 1999), and Grytviken Whaling Station (Cripps and 
Priddle 1991). Of all the different types of contamination reported up to now in the 
Antarctic Ocean and on the continent, petroleum has been identified as the most sig- 
nificant problem to be solved to preserve the environmental integrity of Antarctica 
(Snape et al. 2001). 

The microbial decontamination (bioremediation) of oil-polluted soils has been 
claimed as an efficient, economic, and versatile alternative to physicochemical treat- 
ments (Atlas 1981, loergensen et al. 1995, Mpller et al. 1996). Once a hydrocarbon 
spill has occurred in Antarctica, the recovery of oiled residues and the remediation 
of the site represent a major challenge, as many techniques deployed in temperate 
regions are either unsuitable or difficult to implement in this extreme environment. 
Bioremediation has been proposed in early 1990s for cleanup of oil spills in Antarctic 
soils (Kerry 1993) and is increasingly viewed as an appropriate remediation technol- 
ogy for hydrocarbon-contaminated polar soils (Aislabie et al. 2006). The biodeg- 
radation of petroleum components has been reported in a variety of cold terrestrial 
systems, including sub-Arctic and Arctic soils (Griffiths et al. 1981, Horowitz et al. 
1983), alpine soils (Margesin and Schinner 1997, Margesin 2000), and sub-Antarctic 
and Antarctic soils (Delille 2000, Coulon et al. 2004, 2005, Delille et al. 2004a,b, 
2007a,b). Bioremediation has been proposed as the only viable management option 
that can be implemented on a large scale in polar areas (Snape et al. 2001). 

The rate of the microbial degradation of hydrocarbons in soils is affected by 
several physical, chemical, and biological parameters including the abundance and 
diversity of microorganisms present in the pristine environment before the spill, the 
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conditions for microbial activity (e.g., the concentration of nutrients, oxygen, and 
temperature) and the nature, quantity, and bioavailability of the contaminants. It is 
well established that nutrients are among the major limiting factors of hydrocarbon 
biodegradation. In spite of harsh weather conditions, a number of studies indicated 
that hydrocarbon degradation rates in soils from Arctic regions can be enhanced by 
the addition of nutrients (Braddock et al. 1997, Whyte et al. 1999, Walworth et al. 
2001). The aim of this chapter is therefore to summarize scientific information about 
factors favoring the biodegradation of hydrocarbons under severe conditions and 
discuss how the addition of fertilizers might play a determining role on the degrada- 
tion of PAH in polar soils. 



13.2 PROPERTIES AND PROCESSES INFLUENCING 
THE BEHAVIOR AND FATE OF AROMATIC 
COMPOUNDS IN POLAR SOILS 

Aromatic compounds are broadly defined as a collection of related compounds with 
two or more benzene fused rings that exhibit similar chemical behavior (Farrell- 
Jones 2003). Due to their high hydrophobicity, PAHs tend to interact with non- 
aqueous phase and soil organic and mineral matter (geosorbents), consequently, 
becoming potentially recalcitrant for future biodegradation. The field and laboratory 
biodegradation of PAHs, particularly those of low molecular weight (<3-rings fused 
benzene), has been widely investigated. It has been shown that PAHs can be totally 
degraded or partially transformed either by a community of microorganisms or by 
a single microorganism (Whyte et al. 1997, Grishchenkov et al. 2000, Andersson 
et al. 2003, Ruberto et al. 2005). 

Microbial degradation is thought to be the major process involved in the effec- 
tive bioremediation of contaminated soils and sediments. However, the degradation 
of PAHs in soil is not only dependent on the presence of microorganisms with the 
enzymatic capacity to attack hydrocarbons but also on the bioavailability of the oil 
compounds, especially PAHs within soil aggregates (Amellal et al. 2001, Hamdi 
et al. 2007). In many cases, high residual PAH concentrations are caused by a limited 
availability to microorganisms of medium (3 and 4 rings) and high molecular weight 
(>5 rings) PAHs (Cuypers 2001, Coulon et al. 2004, Coulon and Delille 2006). When 
deposited on soil, PAHs have a number of possible fates including volatilization, 
photooxidation, bioaccumulation, and microbial degradation. While volatilization 
and photodegradation are two physical processes mainly controlled by air and soil 
temperature and light intensity, their influence is only important on the fate and deg- 
radation of the semivolatile PAHs including 2- and 3-rings PAHs. 

Biodegradation is quite a complex process depending on biotic conditions. The 
rate and the degree of degradation depend on several chemical, physical, and biologi- 
cal factors that may differ significantly among ecosystems and their location on the 
surface of the earth. Furthermore, like many other organic compounds, PAHs show 
a declining availability to organisms with their increasing residence time in soil 
(Hatzinger and Alexander 1995). This aging process, often named sequestration, is 
responsible for changes in availability and can be attributed to a slow migration of 
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PAH molecules into a condensed organic matter and inaccessible nanopores (Doick 
et al. 2005, Allan et al. 2006). When sequestrated, molecules are inaccessible to 
organisms and extracellular microbial enzymes, as diffusion out of these sites is 
mainly governed by the slow rate of molecular desorption (Brion and Pelletier 2005). 
Soil texture, that is the particle size distribution of the soil, has a great effect on 
the structure and the activity of microbial communities (Coulon et al. 2004, Hyun 
et al. 2008). The proportion of small particles and their dynamic behavior in the soil 
matrix represent crucial factors in determining the fate and distribution of PAHs in 
Antarctic soils (Curtosi et al. 2007). The proportion of clay in a soil is a key factor 
in bioremediation because very fine clay particles modify soil porosity and more 
complex chemical factors such as surface activation and adsorption coefficients (Kan 
et al. 1994). Clays can catalyze humic acid formation and protect organic material 
from decomposition within aggregates (Stott and Martin 1990). The presence of an 
active soil layer and a permafrost layer is a unique feature of high-latitude cold areas 
that could influence the fate of PAHs (Biggar et al. 1998, McCarthy et al. 2004a, 
Curtosi et al. 2007). When repetitive cycles of freezing and thawing occur, soil com- 
ponents are submitted to a slow sieving process where the smallest particles migrate 
from surface to depth while pebbles and stones tend to migrate from depth to surface 
(Anderson et al. 1978). PAHs are mainly adsorbed to the smallest soil particles but 
it has been found that they are usually metabolized to a much greater extent in soils 
dominated by larger particles and a low content of clay and silt (Krauss and Wilcke 
2002 ). 

A number of conditions must be satisfied for a microbial transformation to 
occur: 

1. Microorganisms with the necessary enzymatic capacity to catalyze the 
specific fransformation must be present. Some nonspecific enzymes can 
affack several organic subsfrafes while others only catalyze the breakdown 
of one specific bond in specific compounds such as alkanes or cyclic hydro- 
carbons. Differenl bacterial strains may also degrade the same compound 
by different degradation routes, depending on the type of enzymes used 
(Cutright and Lee 1994, Whyte et al. 1997, Jenisch-Anton et al. 1999). Little 
is known about the relative importance of these different pathways in the 
conversion of an organic compound in the environment. However, the pro- 
liferation success of some degrading strains will depend on their ability to 
compete for organic substrates and oxygen or other limiting environmental 
factors. Many degradation pathways are made efficient only by the joint 
activity of several species (Green et al. 2000, Roling et al. 2002, Del Panno 
et al. 2005). Many different mechanisms for such synergistic relationships 
have been suggested and seem to vary between communities (Alexander 
1994, Chavez-Gomez et al. 2003). Some bacterial strains have the capabil- 
ity to degrade substances with multiple pathways (Whyte et al. 2002). In 
these cases as well, environmental factors like oxygen level usually control 
the degradation pathway. 

2. The microorganisms must live in the same environment as the chemicals 
to be degraded. Although microorganisms are present essentially in all 
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environments even the most severe ones, not all types of microorganisms 
exist everywhere. Because bacterial strains differ in their occurrence and 
their ability to use particular substrates, the same group of organic com- 
pounds can be readily degraded in a given environment and is highly per- 
sistent in another one. 

3. The targeted chemicals must be available to the microbial community. Even 
if microorganisms with the necessary enzymes coexist in the same microen- 
vironment, a heterogeneous distribution of microorganisms or a lack of 
chemical availability or both may inhibit biodegradation. Inaccessibility 
may also result from the chemical existing in a phase different from the 
bacteria (e.g., in a liquid phase immiscible with water, or sorbed to a solid 
phase). 

4. The chemicals to be removed must be sensitive to biodegradation. If the 
enzyme catalyzing the transformation is intracellular, the target molecule 
must penetrate the surface of the cell. Molecular weight, shape, polar- 
ity, and other properties of the chemical may prevent permeability. If the 
initial-degrading enzyme is extracellular, the specific bond to be broken in 
the molecule must be exposed. Likewise, the active sites of the performing 
enzymes must not be sterically hindered by some substituents or by sorp- 
tion to a solid surface. Some long-chain hydrocarbons are attacked at the 
terminal bonds of the molecule. If these structures are folded or coiled, 
resistance to biodegradation may occur. 

5. Environmental growth conditions must be fulfilled to allow bacterial prolif- 
eration. Environmental factors such as inorganic and organic nutrient levels 
(Wang et al. 1994, Liebeg and Cutright 1999), pH (Hambrick et al. 1980), 
redox-potential (Hambrick et al. 1980), oxygen level (Huesemann and 
Truex 1996), pressure, temperature (Margesin and Schinner 1997), salinity 
(Chuvilin and Miklyaeva 2003), and water availability (McGroddy et al. 
1996) dictate the conditions under which bacteria can synthesize enzymes 
and degrade organic substances. Even though anaerobic mechanisms of 
PAH biodegradation have been described (Eriksson et al. 2003, Steinbach 
et al. 2004) only aerobic processes, which occur in the upper layer of the 
soil where oxygen concentrations is not a limiting factor, can lead to a sig- 
nificant removal rate of hydrocarbons (Morgan and Watkinson 1992). 

The structure of a chemical substance highly affects its biodegradability. Eor 
polyaromatic hydrocarbons, their environmental persistence increases as the 
molecular size increases over three fused benzene rings (Bossert and Bartha 1986, 
Heitkamp and Cerniglia 1989, Cerniglia 1992). The slower degradation rate of 
larger molecules has been attributed to their limited transport through cell mem- 
branes and the higher hydrophobicity of larger PAHs, increasing their sorption 
to the soil matrix and inaccessibility for degradation (Hatzinger and Alexander 
1995). Substituents at the benzene ring such as methyl groups, halogens, NO 2 -, 
NH 2 -, SO 3 H-, and CN groups have a slowing effect on the degradation compared 
to unsubstituted benzene rings (Sutherland et al. 1995, Meyer and Steinhart 2000), 
and monosubstituted benzenes are more rapidly degraded than disubstituted or 
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trisubstituted ones (Bossert and Bartha 1986, Coulon et al. 2004). Moreover, the 
position of substituents at the ring could have an impact on the degradation (Bossert 
and Bartha 1986). Because bacteria degrade aromatic compounds through either 
ortho- or meta-cleavage pathways, the effect of the position of the substituent may 
not be the same in all molecular locations. Generally, highly branched hydrocar- 
bons are degraded much more slowly than unbranched hydrocarbons (Morgan and 
Watkinson 1992, Coulon et al. 2004) and unsaturated hydrocarbons slower than 
saturated analogues. Exceptions to these generalizations exist. For instance, many 
degradation patterns are different in anaerobic compared with aerobic environ- 
ments, and a chemical substance can be resistant in one environment and highly 
degradable in another one depending on the availability of different electron accep- 
tors (Heider et al. 1999, Grishchenkov et al. 2000, Chang and Shiung 2002). The 
biodegradation efficiency of a given compound can also differ between soils with 
a previous chemical exposure of that compound compared to a pristine soil. This 
observation could be explained by a difference in microbial community adaptation 
between soils (Spain and van Veld 1983, Macleod and Semple 2002). 

Only very few features are known about the fate of PAHs in polar soils. Naphthalene 
and methylnaphthalenes predominate in soil samples collected around Antarctic sta- 
tions (Kennicut et al. 1992, Aislabie et al. 1999, Curtosi et al. 2007). An increase in 
PAH concentration with depth has also been reported (Aislabie et al. 1999, Curtosi 
et al. 2007). It has been hypothesized that PAHs hrst deposited on surface soils are 
rapidly associated to fine soil particles and hence transported downward by runoff 
from snow and ice melt as well as by rain waters (Mazzera et al. 1999). Temperature 
is an important parameter that influences sorption and desorption. For most com- 
pounds sorption decreases and desorption increases with increasing temperature 
(Hulscher and Cornelissen 1996). 

Low air temperature may be considered as one of the determining rate factors 
in soil bioremediation in polar regions (Sutherland et al. 1995, Shi et al. 2001). Oil 
bioremediation in cold climates is frequently regarded with scepticism (Rike et al. 
2008) because scientists generally recognize that biodegradation rate is mainly 
related to temperature. However, ambient temperatures close to 0°C do not com- 
pletely stop oil biodegradation in seawater and sea-ice (Delille et al. 1997, 1998), 
and petroleum hydrocarbon biodegradation has been observed at a temperature as 
low as -1.1°C (Huddleston and Cresswell 1976). Actually, microbial metabolism 
increases as temperature increases (Leahy and Colwell 1990), usually doubling for 
each 10°C increase from 10°C to 40°C (Bossert and Bartha 1984). However, there is 
no evidence that the microbial potential for degrading hydrocarbons is lower in cold 
regions than in warm regions (Aislabie and Foght 2008). Biodegradation efficacy 
can be similar at both cold and temperate sites during comparable treatment periods 
(Filler et al. 2001). In the course of previous studies conducted on the soil and inter- 
tidal sediments of Kerguelen Archipelago it was observed that temperature was not 
a determining factor in the development and activity of a hydrocarbon-degrading 
community in oiled sands and soils (Delille et al. 2002, 2004b, 2007a, 2008, Coulon 
et al. 2005). One important remaining challenge is to optimize biodegradation in 
cold climate and for this we need to determine the temperature range at which reme- 
diation can be performed with efficiency within a reasonable time frame. 
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13.3 PAH-DEGRADING BACTERIA 

For the application of bioremediation techniques in Antarctica, only indigenous 
microbes are considered because the Antarctic Treaty prohibits the introduction 
of foreign organisms. Hydrocarbon-degrading microorganisms have been isolated 
from both Arctic (Atlas 1986, Braddock et al. 1999, Whyte et al. 1999, Yu et al. 
2000, Walworth et al. 2001, Thomassin-Lacroix et al. 2001, 2002, Eriksson et al. 
2003) and Antarctic soils (Kerry 1990, MacCormack and Fraile 1997, Delille 2000, 
Aislabie et al. 2001, Baraniecki et al. 2002, Eckford et al. 2002, Saul et al. 2005, 
Hughes et al. 2007). 

Aromatic-degrading bacteria isolated from polar soils typically belong to the gen- 
era Pseudomonas or Sphingomonas [see Aislabie et al. (2006) for a review]. A prime 
example of a readily isolated group of soil bacteria is given by Pseudomonas and 
Pseudomonas-\ike strains isolated for their ability to degrade naphthalene and its 
close analogues (Eckford et al. 2002). Numerous examples of catabolic genes from 
such strains have been described that show a surprising (>90%) degree of conserva- 
tion, and a broad distribution (Whyte et al. 1997, Wilson et al. 1999). Gram-positive 
bacterial strains of the genus Rhodococcus are widely distributed in both pristine and 
polluted soils from cold environments (Whyte et al. 2002, Ruberto et al. 2005) and 
show an enormous catabolic versatility (Warhurst and Fewson 2004). The phyloge- 
netic analysis of 16S rRNA genes from alkane-degrading bacterial isolates indicates 
that Rhodococcus spp. from cold soils group with R. erythropolis or R. fascians. In 
laboratory assays, these strains were able to degrade a broad range of environmental 
pollutants including both aliphatic and aromatic hydrocarbons (Whyte et al. 1997, 
Ruberto et al. 2005). Psychrotolerant Rhodococcus strains are therefore an interesting 
target to develop bioremediation techniques in permanently cold environments such 
as Antarctic soils. Of the alpha proteobacteria, cold-tolerant PAH-degrading isolates 
groups with Sphingomonas chlorophenolica and are related to aromatic -degrading 
Sphingomonas spp. from globally distributed sources (Aislabie et al. 2000). Further 
in their review, Aislabie et al. (2006) highlighted that Pseudomonas isolates tend to 
degrade a narrower range of aromatic substrates than Sphingomonas spp. 



13.4 TOXICITY OF PAHs 

PAHs have been recognized as chemicals of concern owing to their intrinsic 
chemical stability and their potentially deleterious effects on living organisms 
and human health (Alexander 1994). The carcinogenicity of polycyclic aromatic 
hydrocarbons has been assessed by several studies. PAHs and related compounds 
have been recently reviewed (Xue and Warshawsky 2005). As the aqueous solu- 
bility of PAHs decreases almost logarithmically with increasing molecular mass, 
high molecular weight PAH ranging in size from hve to seven rings are of special 
environmental concern (Johnsen et al. 2005). Aromatic hydrocarbons inhibited 
microbial growth more than aliphatic hydrocarbons in Antarctic soils (Hughes 
et al. 2007). 

The exposure of organisms to mixtures of xenobiotics represents an emerging 
environmental issue because interactions between chemicals and their multiple 




308 



Polar Microbiology 



biological effects are largely unknown (Carpenter et al. 2002). Investigations on the 
effects of chemical mixtures are particularly lacking for the Antarctic ecosystem 
(Regoli et al. 2005). The study of Benedetti et al. (2007) revealed a complex pathway 
of interactions between trace metals (Cd, Cu, Hg, Ni, Pb) and a risk driver PAH, 
benzo[a]pyrene, in the Antarctic fish Trematomus bernacchii. 

Two recent papers addressed the environmental risks associated to PAH and oxi- 
dized by-products present in contaminated soils (Lemieux et al. 2008, Park et al. 
2008). The authors examined the mutagenicity of fractions extracted from the soil 
collected from former manufactured gas plants and confirmed mutagenic responses 
in polar fractions (Hughes et al. 1998). During a weathering process, contaminated 
soils tend to lose low molecular weight PAH (volatilization and biodegradation) and 
polar fractions tend to become enriched. Several studies found a direct link between 
mutagenicity and polar fractions but the chemical identification of mutagens is still 
unsolved. Park et al. (2008) observed PAH quinones and ketones in their mutagenic 
polar fractions, but none of these compounds by itself were mutagenic in the bioas- 
say. The authors suggested that mutagenicity might result from polymeric quinone 
conjugates or interactions between fraction constituents as often observed in the tox- 
icity of complex mixtures. 

In our studies of oiled residues after crude oil bioremediation in sub-Antarctic 
intertidal sediments (Pelletier et al. 2004) and soils (Delille et al. 2007b) we cur- 
rently observed an increase in soil toxicity as the bioremedition process was in prog- 
ress. The toxicity of soils was monitored by Microtox® assay, which is a sensitive 
but nonspecific toxicity test using the bioluminescence of a bacterial strain. We also 
conducted an exhaustive analytical study of polar fractions extracted from the most 
toxic soils using a high temperature pressurized water extraction method as proposed 
by Kubatova et al. (2004) and Lundstedt et al. (2006). We obtained a number of oxi- 
dized PAHs including quinones, ketones, and naphthenic acids but it was impossible 
to relate the concentrations of these molecules to the observed toxicity in whole soils 
(unpublished results). Our understanding of the residual toxicity of weathered oiled 
soils is still incomplete and formulating fertilizers that could reduce lasting toxicity 
is a real challenge for those working on oil bioremediation in high latitudes (Pelletier 
et al. 2004). 

13.5 BIOREMEDIATION EXPERIMENTS 

While petroleum can supply a good deal of metabolic carbon, most hydrocarbon 
products are deficient in other nutrients, such as nitrogen and phosphorus. However, 
the effects of N and P addition are at times conflicting (Bossert and Bartha 1984). The 
suitable ratios of C:N:P are not readily apparent for petroleum degradation. Reported 
optimal C to N ratios range from 200:1 to 9:1 (Morgan and Watkinson 1989). 
Best ratios are likely to be contaminant specific and related to carbon availability. 
Relatively low fertilizer additions may lead to toxic effects on microbial populations 
due to osmotic stress (Walworth et al. 1997). Under long decomposition periods, 
bacteria and especially fungi, recycle nitrogen very efficiently (Piehler et al. 1999). 
A slowly released carbon source can be degraded with wider C:N:P ratios because N 
and P will be recycled during decomposition. For example, McMillen et al. (1995) 
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found that C:N:P ratio of 100:5:1.7 worked well for degrading petroleum wastes. 
Investigations with Antarctic soil confirmed this point and showed that the extent of 
'■*C-octadecane mineralization in soil from Casey Station incubated at 10°C peaked 
between 1000 and 1600 mg N/kg soil water (Ferguson et al. 2003a, b). 

13.5.1 In Situ Treatment 

The addition of significant amounts of plant materials and manures to petroleum- 
contaminated soils can be used to initiate a “soil composting” process. Due to the 
scarcity of the vegetation, such techniques eventually used in Arctic and sub-Arctic 
regions are not valuable for Antarctica. Biostimulation treatments using the addition 
of nutrients have been shown to stimulate the biodegradation of oil on a number 
of contaminated subpolar shorelines (Bragg et al. 1994, Delille et al. 1997, 2002, 
Delille and Delille 2000). In 1995, Braddock et al. (1997) conducted a treatability 
study for determining the effectiveness of a bioremediation treatment strategy for a 
coarse sand pad near Barrow (Alaska) that supported storage tanks containing vari- 
ous refined fuel products. Microbial activity and populations were stimulated relative 
to controls, but the stimulation was inversely related to the added concentration of 
fertilizer. The pad material has little water-holding capacity, and increasing fertilizer 
addition led to decreasing soil-water potential. The following year, the same authors 
conducted a small field plot study to determine the effect of fertilization on losses of 
aliphatic versus aromatic hydrocarbons in the same site (Braddock et al. 1999). Even 
at this cold and dry Arctic site, biological processes were effective in removing both 
aromatic and aliphatic hydrocarbons from these soils. Both surface and subsurface 
aliphatic losses were enhanced by fertilizer addition. In contrast, PAH declined in 
all surface soils, including non-fertilized plots, but decreases in the subsurface were 
significantly greater in the fertilized soil than in the unfertilized one. 

Some bioremediation experiments have been conducted in Antarctica on hydro- 
carbon-contaminated soils (Kerry 1993, Delille 2000, Delille et al. 2003, Snape et 
al. 2003). All of them demonstrated the potential efficacy of bioremediation under 
these extreme environments but none of them provided specific information con- 
cerning the long-term behavior of PAHs. 

An accidental oil spill occurred in 1997 in the sub-Antarctic Crozet Island leav- 
ing thousands of liters of diesel fuel trapped in soil (Delille and Pelletier 2002). On 
October 1998, the oiled area visible from air was estimated to approximately 1200 m^. 
To examine the effects of bioremediation on natural assemblages of soil bacteria 
and hydrocarbon biodegradation, biostimulation treatments were conducted in wood 
enclosures settled in the contaminated area. Two years of field survey demonstrated 
that the nature of substrate and humidity level influenced greafly fhe degradafion 
rale of bolh aliphatic and aromatic compounds (Coulon and Delille 2006). After 
the addition of fertilizer a nearly complete degradation of the alkyl homologues of 
naphthalene and fluorene was already observed within the arid areas. In contrast, the 
degradation rate decreased drastically with increasing number of aromatic rings. 

In order to determine the best bioremediation approach to be developed for 
hydrocarbon-contaminated sub-Antarctic soils, a controlled field sludy was initi- 
aled in December 2000 in soils of a sub-Anlarctic island (Grande Terre, Kerguelen 
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Archipelago) with better research facilities than Crozet Island (Delille et al. 
2004a, b, Delille et al. 2007a). The total data set provided evidence of the presence 
of indigenous hydrocarbon- degrading microorganisms in sub-Antarctic soils and 
their high potential for a bioremediation action on both alkanes and PAHs. Alkanes 
were degraded more quickly than PAHs in most experiments. The degradation 
of M-alkanes was enhanced significantly in the presence of a fertilizer, while the 
degradation of PAHs was only barely enhanced (Coulon et al. 2004). Despite the 
very small amount of remaining nondegraded molecules, 4 years of biostimulation 
treatment were not sufficient to obtain a complete return to pristine conditions. As 
discussed earlier, the residual toxicity can represent a limiting factor in the biore- 
mediation of sub-Antarctic soils. The identification of potentially toxic by-products 
has to be done and represents a major analytical challenge (Delille et al. 2007b). 

13.5.2 fx S/7ty Treatment 

Mesocosm studies using sub-Antarctic soils artificially contaminated with diesel or 
crude oil were conducted in Kerguelen Archipelago to evaluate the potential of a 
bioremediation approach in high-latitude environments (Coulon et al. 2005, Delille 
et al. 2007b, Delille and Coulon 2008). From an applied perspective, heating soil 
and nutrient amendment appeared to be efficient means to accelerate the biodegra- 
dation of total petroleum hydrocarbons (TPH) in contaminated sub-Antarctic soils. 
The benefit of adding nutrient differs from one soil to another one, but fertilizer 
application always induced a significant increase in the rate of degradation of both 
aliphatic and aromatic fractions. However, the mass fraction of aromatics relative to 
aliphatic hydrocarbons increased by more than 20% after 42 treatment days (Delille 
and Coulon 2008). These observations are in good agreement with those reported by 
Whyte et al. (2001) demonstrating that fertilizer supplementation markedly increased 
naphthalene mineralization in soil microcosm studies conducted in Arctic soils. 

Biopiles have been successfully used for the bioremediation of diesel-contami- 
nated Arctic soils using various combinations of biostimulation (heating, nutrients, 
and aeration) and bioaugmentation (Filler et al. 2001, Mohn et al. 2001). The vapor 
pressure and solubility of most diesel constituents preclude their remediation by bio- 
venting alone (Hinchee 1994). As the vapor pressure of a substance is a function 
of air temperature, an increase in biopile temperature has a potential dual effect of 
enhancing microbial activity and contaminant volatility. In summer 1999, Filler and 
collaborators combined mechanical heating and fertilization with bioventing of a 
large (61 m-long) diesel-contaminated biopile in the Arctic at Prudhoe Bay, Alaska 
(Filler et al. 2001). Their results evidenced a significant reduction in the overall level 
of petroleum compounds in the top half of the biopile through two enhanced biore- 
mediation seasons. It is difficult to appreciate the specific effect of fertilization alone 
in such a global study. At a much smaller scale, we studied the effect of fertilization 
in pilot biopiles in sub-Antarctic area (Delille et al. 2008). Biopile technique devel- 
oped in this study was highly efficient and all nutrient enriched biopiles reached 
the TPH regulatory USEPA standard of 100|lg/g (less than 0.2% of initially added 
diesel hydrocarbons) in less than 12 months. The huge decrease of contaminants 
was observed into both aliphatic and aromatic compounds. However, after one year. 
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a significantly larger amount of PAHs was remaining in fertilized biopiles without a 
physical treatment compared to ventilated or agitated ones. 

Landfarming could be a valuable alternative in some polar regions (Reynolds 
et al. 1994). As recently reported, 3600 m^ of diesel-contaminated sandy soil was suc- 
cessfully treated at a field scale by on-site landfarming at Barrow, Alaska (McCarthy 
et al. 2004b). The soil was amended with a commercial fertilizer manually applied. 
The site was managed with intensive tilling and selective fertilization to exploit the 
short-treatment season, and the soil moisture content was maintained by light pre- 
cipitation. This work demonstrates that even under harsh climatic conditions, soils 
moderately contaminated with petroleum hydrocarbons can be effectively and eco- 
nomically remediated within a reasonable time frame via landfarming. Concerning 
the more specific problem of high molecular weight PAH biodegradation, we dem- 
onstrated that manual tilling decreased the persistence of pyrene in fertilized diesel- 
contaminated sub-Antarctic soils (Delille et al. 2008). 



13.6 CONCLUSION 

As shown by the presence of significant populations of cold-adapted microorgan- 
isms, in general, and cold-adapted hydrocarbon-degrading organisms, in particular, 
the bioremediation of polar soils contaminated with hydrocarbons containing cyclic 
compounds is feasible in polar regions. The biodegradation of petroleum hydrocar- 
bons, and PAHs, in particular, is markedly enhanced by the addition of simple and 
inexpensive fertilizers such as fish meal and agriculture fertilizers. However, the 
degradation of heavy polycyclic compounds is usually slower than aliphatic hydro- 
carbons and a residual toxicity remains generally present. 
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14.1 INTRODUCTION 

The bioremediation of petroleum hydrocarbon-contaminated soil in polar, remote 
environments presents numerous challenges. In addition to extreme cold tempera- 
tures, short periods of above zero temperatures, low water and nutrient content of the 
soils, the distance and the cost of material, and equipment transport limit bioreme- 
diation options. Nevertheless, bioremediation remains a feasible alternative to treat 
hydrocarbon-contaminated soils in these regions because more invasive technolo- 
gies (such as excavation and off-site treatment, incineration, etc.) are unlikely to be 
cost effective. 

A number of studies have demonstrated that microorganisms, in particular bac- 
teria, are capable of degrading hydrocarbons at the extreme temperatures typically 
encountered in polar environments (Margesin and Schinner, 1997, 2001; Whyte et 
al., 1997; Whyte et al., 1999; Aislabie et al., 2006). In fact, representatives from all 
the three major domains of life have demonstrated the ability to metabolize hydro- 
carbons to various degrees and there are currently in excess of 200 bacterial, algal, 
and fungal genera that are known to use hydrocarbons as carbon and energy sources 
(Prince et al., 2003; Head et al., 2006). 

The extent to which microorganisms participate in the biodegradation of hydro- 
carbons appears to be a function of the ecosystem and the local environmental con- 
ditions (as reviewed by Leahy and Colwell, 1990). Prior exposure of a microbial 
community to anthropogenic and/or natural sources of hydrocarbons is an important 
factor in determining the rate of biodegradation. 

In addition to the low temperature, limiting factors for the bioremediation of con- 
taminated soils in polar environments are also related to the availability of other 
essential nutrients and the low levels of available water. Soils are often very low in 
organic carbon content, they can be very coarse textured, and also have low water 
holding capacities (Aislabie et al., 2006). Although there is no strict ratio of carbon to 
nitrogen to use when adding nitrogen fertilizers for biostimulation, the physicochem- 
ical characteristics of the site must be considered. The most important relationship 
is the mass of nitrogen per mass of soil water, because it is possible to overfertil- 
ize in relatively dry environments (Braddock et al., 1997; Walworth et al., 1997). 
It has been known for some time that biostimulation using fertilizers with readily 
available nitrogen and phosphorus have a positive impact on microbial hydrocarbon 
degradation activity in virtually all types of environments (Braddock et al., 1997; 
Macnaughton et al., 1999; Whyte et al., 1999; Margesin and Schinner, 2001; Whyte 
et al., 2001; Roling et al., 2002; Greer et al., 2003; Aislabie et al., 2004; Xu et al., 
2004; Aislabie et al., 2006). 

This chapter presents elements of two case studies from hydrocarbon-contam- 
inated sites in northern Canada. Contaminated soils from each site were initially 
evaluated in a laboratory scale feasibility study to determine whether biotreatment 
was possible under the conditions normally encountered at the sites. In addition to 
determining the potential to treat contaminated soil using biological processes, this 
laboratory feasibility analysis also provides important data on possible treatment 
scenarios to optimize biodegradation rates. Results are presented from a number of 
culture -dependent and culture-independent microbiological techniques to monitor 
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bioremediation performance during field trials and full-scale treatment to ensure that 
the treatment system is meeting desired objectives. 

14.2 CHARACTERIZATION OF THE COLOMAC MINE SITE 

Colomac, Northwest Territories, Canada, is the site of a former gold mine that was 
closed in 1996. Over the course of its operational life, a variety of fuel spills and 
leakage incidents occurred around the main fuel storage tank area. As part of the 
decommissioning, the empty fuel tanks were disassembled, and the fuel-contami- 
nated soils were excavated and moved into a constructed hiopile, that was equipped 
with aeration and irrigation systems, and the soils were fertilized with monoam- 
monium phosphate (MAP) while being placed in the biopile. Prior to the removal 
of all the soils, samples were collected from the contaminated storage tank area and 
a feasibility study was conducted to determine if the soils contained hydrocarbon- 
degrading bacteria and to identify fertilizer conditions that would enhance degrada- 
tion performance. 



14.2.1 Indigenous Microbial Degradation Potential: 

Mineralization Analysis 

The degradation potential of the indigenous soil bacterial population was examined 
using mineralization assays, in which, the degradation of a radiolabeled substrate, a 
representative of the hydrocarbon contaminants, is monitored by recovering radio- 
labeled carbon dioxide (Greer et ah, 2003). These assays are performed on a small 
scale and can be used to evaluate a variety of factors, such as fertilizer type and con- 
centration, on degradation. In this study, the degradation potential in unamended soil, 
and the effects of fertilizers at different concentrations were evaluated in the soils 
at 4°C using '^'C-hexadecane as a substrate (Figure 14.1). Without fertilizer, there 
was essentially no hexadecane mineralization, but with the addition of 20-20-20 (a 
commercial liquid fertilizer) or MAP, both at a concentration of 500 mg N/kg soil, 
hexadecane was mineralized effectively following a lag period of approximately 
2 weeks. Adding half the initial concentration of MAP resulted in a shortening of 
the lag phase and a higher extent of mineralization, indicating that fertilizer concen- 
tration was an important factor in optimizing biodegradation performance. 

14.2.2 Polymerase Chain Reaction Analysis 

Total DNA was extracted (Fortin et ah, 2004) from the initial contaminated com- 
posite soils (A and B) and the noncontaminated control soil (C) and subjected to 
polymerase chain reaction (PCR) analysis using oligonucleotide primers designed 
to detect bacterial genes involved in the biodegradation of alkanes (alkB) and poly- 
cyclic aromatic (ndoB) hydrocarbons (Figure 14.2). The alkB gene encodes alkane 
hydroxylase, the initial hydroxylating enzyme in the bacterial degradation path- 
way for aliphatic hydrocarbons (van Beilen et ah, 1994). The ndoB gene encodes 
naphthalene dioxygenase, the initial hydroxylating gene in the bacterial pathway for 
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FIGURE 14.1 Mineralization of *‘*C-hexadecane in Colomac soils at 4°C. Mineralization in 
initial composite soils (A and B) and the noncontaminated control soil (NC), without (no addi- 
tions) and with amendment with the fertilizers 20-20-20 and MAP at two concentrations. 




FIGURE 14.2 Agarose gel electrophoresis of the PCR amplified functional genes, alkB and 
ndoB, from total DNA extracts from the initial composite-contaminated soils (A and B) and 
from the noncontaminated control soil (C) from Colomac. The expected positive fragment 
size is indicated by an arrow in the -l- lane (positive PCR controls, P. putida ATCC 29347 
{alkB) and P. putida ATCC 17484 (ndoB)) and the negative PCR control is indicated by - 
(water). The molecular weight marker (100 base pair ladder) is in lane M. 



polycyclic aromatic hydrocarbons. These two genes are commonly encountered in 
fuel-contaminated soils and are good indicators for the presence of bacteria with 
the genetic capacity to degrade the components of a variety of hydrocarbon fuels. 
Both contaminated soils showed the presence of the expected PCR fragment indicat- 
ing that they contained indigenous bacteria possessing genes for alkane and poly- 
cyclic aromatic hydrocarbon degradation. The noncontaminated control soil did 
not show the presence of these genes suggesting that they were present at levels 
too low to be detected. As the fertilizer amended noncontaminated control soil did 
demonstrate mineralization after a long lag time (Figure 14.1), this confirms that 
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hydrocarbon degraders were present in the indigenous microbial population in soil 
with no evidence of hydrocarbon contamination. Although PCR is a rapid, qualita- 
tive method for gene detection (sample extraction and analysis can be performed in 
1 day), it does not provide direct evidence of gene expression in the studied systems. 
Another advantage of PCR detection is that the analysis can be performed at various 
levels of stringency to increase or decrease detection specificity. 

14.2.3 Denaturing Gradient Gel Electrophoresis Analysis 

Denaturing gradient gel electrophoresis (DGGE), a method to separate PCR- 
amplified DNA fragments (Muyzer et al., 1993), is used extensively as a rapid, high- 
throughput screening method for assessing the dominant members of a microbial 
community. When used to monitor the same system over time or with different treat- 
ments, DGGE analysis can provide extremely useful information on changes in the 
community structure. There are limitations to using DGGE as a method of commu- 
nity analysis, including PCR amplification biases, the choice of primers, detection 
sensitivity, and the lack of standardized databases containing the data for compara- 
tive analyses. Marzorati et al. (2008) presented a method to normalize DGGE data 
so it can be compared between laboratories and environments. This could be a major 
step forward in the use of screening data (as an alternative to large-scale sequencing) 
to evaluate different environments. 

The mineralization study on the Colomac samples was followed more closely by 
examining the microbial population composition under different fertilizer regimens 
using DGGE analysis (Eigure 14.3). The microbial population showed considerable 
variation in the presence of the different fertilizers (20-20-20, MAP, or urea). The 
banding patterns were the most similar (88%) for 20-20-20 and MAP, the two fertil- 
izers that resulted in the best mineralization activity, and these were significantly 
different from the soil without fertilizer addition. The urea treated soil was the most 
different in terms of banding pattern, and no mineralization was observed in the 
soil using this fertilizer (data not shown). Bands were cut from the DGGE and the 
nucleotide sequences were determined, analyzed, and clustered to determine the 
phylogenetic distribution of bacteria under the different treatment regimens (Eigure 
14.4). The soils differed considerably with respect to the relative proportions of 
major bacterial phyla. In the nonamended contaminated soil, Alphaproteobacteria 




FIGURE 14.3 DGGE analysis of Colomac soils without (no addition) or following bio- 
stimulation with different fertilizers (20-20-20, MAP, urea). 
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FIGURE 14.4 Relative distribution of microbial phyla in Colomac soils following incuba- 
tion without (no additions) and with the fertilizers 20-20-20, MAP, or urea. 



were dominant (ca. 50%), with roughly equal proportions of Bacteroidetes, 
Firmicutes, Deltaproteobacteria, and Gammaproteobacteria. Following MAP or 
20-20-20 application, the Gammaproteobacteria became dominant, representing ca. 
70% of the total microbial population. This coincided with the best hydrocarbon 
degradation conditions suggesting that the Gammaproteobacteria were key mem- 
bers of the hydrocarbon-degrading microbial community. In the urea-amended 
soil, the Alphaproteobacteria remained dominant, but the Betaproteobacteria and 
Actinobacteria also became significant members of the microbial community. The 
increase in numbers of Betaproteobacteria following nutrient amendment has been 
observed in other systems treating hydrocarbon-contaminated soils (Vinas et ah, 
2005). These results clearly show the effect of different fertilizer treatments on the 
microbial community structure, and suggest that fertilizer selection could be a sig- 
nificant factor in assuring optimum biodegradation performance. 

14.2.4 Quantitative-PCR 

Quantitative-PCR (Q-PCR) is a powerful technique to determine the relative num- 
ber of target gene copies in a sample (Powell et ah, 2006), which can be used to 
assess whether the target genes have increased or decreased in number in response 
to a bioremediation treatment. When Q-PCR is combined with reverse transcriptase 
(Q-RT-PCR), the level of expression of the target gene can be determined providing 
direct evidence of the targeted degradation pathway genes. The constructed biopiles 
at the Colomac mine site were examined after approximately 1 year of on-site treat- 
ment using Q-PCR. 
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Random composite samples were collected from several locations throughout the 
biopile, total microbial community DNA was extracted and analyzed using primers 
designed from several homologues of the alkB gene (Figure 14.5). The alkB (Pp) 
gene is derived from the well-characterized alkane degrader Pseudomonas putida 
ATCC 293487, the alkB (pp5) was derived from a P. putida strain isolated from a 
contaminated site at Eureka, Ellesmere Island in the high Arctic, and the alkBl (Q15) 
was derived from a Rhodococcus sp. Q15 containing at least four different alk gene 
homologues (Whyte et ah, 2002). The results showed that these three genes were 
virtually undetectable in the original composite soils and in the noncontaminated 
control soil. Eollowing 1 year of on-site treatment, there was a small increase in the 
quantity of the alkB (pp5) gene, but a very large increase in the quantity of the alkBl 
(Q15) gene in all samples collected from the biopile. These results indicate that the 
increased biodegradation potential in the biopile soil was largely attributable to alkB 
type genes found in Rhodococcus sp. 

The feasibility study for the Colomac mine site demonstrated that the contami- 
nated soil did possess indigenous hydrocarbon-degrading bacteria, and that fer- 
tilizer amendment was necessary to ensure an adequate supply of other essential 
nutrients (nitrogen, phosphorus) to the system. Of importance in the remediation 
of remote sites, the amount of fertilizer necessary for the optimal stimulation of 
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FIGURE 14.5 Q-PCR for genes involved in alkane (alk genes) degradation in soils from 
the Colomac mine site. Total DNA extracts from the initial-contaminated composite soils 
(Al, Bl), from a noncontaminated control soil (NC-1), and from the biopile soils after 12 
months of treatment (South-IB, South-2, North-2, North-3) were examined for the alkB gene 
from the well-characterized alkane-degrading P. putida ATCC 29347 (alkB(Pp)), from a high 
Arctic P. putida isolate (a/kS(pp5)), and from the alkBl gene from Rhodococcus sp. Q15 
ialkBl{Q\5)). 
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the indigenous hydrocarbon-degrading bacteria was considerably lower than the 
amount that would have been added based on the contamination level in the soil. 
For the practitioner in this field, this means lower costs for fertilizer purchase and 
transportation to the site. 

14.3 CHARACTERIZATION OF CANADIAN 
FORCES STATION-ALERT 

Canadian Forces Station- Alert (CFS -Alert) is the most northerly, permanently 
inhabited community on the planet. It has been in operation for approximately 60 
years, and during that time, due to the large amounts of fuel that must be stored and 
transported around the site, numerous spill, leakage or pipeline break incidents have 
occurred. As a result, several areas have been constructed on-site to contain and 
remediate fuel-contaminated soils. The on-site treatment included the application of 
fertilizer and yearly mixing of the soil. This section relates to the initial characteriza- 
tion of contaminated soil, the determination of its bioremediation potential, and the 
subsequent on-site monitoring after it had been relocated into one of the constructed 
areas. Two composite samples of the initial contaminated soil were examined to 
assess the biotreatability potential, using a number of microbiological and molecular 
analyses. These same analytical procedures were also used to monitor bioremedia- 
tion performance using samples collected from the on-site biopiles at different times 
after biotreatment was initiated. 

14.3.1 Microbiological Characteristics 

The total heterotrophic bacterial population and the hydrocarbon (diesel)-degrading 
bacterial population were determined in the two composite contaminated soils and in 
the noncontaminated soil, as well as in the biopile soil samples collected after 2 and 
15 months of on-site treatment (Table 14.1). The total viable heterotrophic popula- 
tion in the initial soil was relatively high for a nutrient-poor soil and the cold-adapted 
population (4°C) was comparable to, or in some cases, higher (i.e., composite B-1) 
than the population size observed at room temperature (22°C). The same trend was 
observed in the hydrocarbon-degrading bacterial population, with comparable popu- 
lation sizes determined at 4°C in the contaminated soils. The noncontaminated con- 
trol soil typically had lower bacterial populations of both total heterotrophic bacteria 
and hydrocarbon-degrading bacteria. These results indicated that the bacterial popu- 
lations were higher and well adapted to the low temperature conditions present in the 
contaminated soils, where the nutrient status (carbon source from the hydrocarbons) 
would be more favorable for growth. This inference also indicated that the soil was 
nutrient deficient, and the presence of the hydrocarbons partially and temporarily 
alleviated the poor nutrient status. 

The total heterotrophic and hydrocarbon-degrading bacterial populations in the 
biopile increased by approximately one order of magnitude after 2 months of on-site 
treatment. After 15 months of on-site treatment, the total heterotrophic bacterial 
population density remained comparably high, but the hydrocarbon-degrading bac- 
terial population had decreased by almost an order of magnitude. 
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TABLE 14.1 

Viable Bacterial Population Density in Alert Soils 

CFU/gWet Soil 



Total Heterotrophs Hydrocarbon Degraders 
(YTS) (MSM-Diesel) 



Sample 22°C 


4°C 


22°C 


4°C 




Samples from Initial Soil Samples 




A-1 


1.52e+7 


7.69e+6 


1.16e+6 


1.14e+6 


B-1 


2.14e+7 


4.18e+7 


5.69e+6 


1.16e+6 


C-1 


9.68e+5 


9.68e+5 


9.69e+3 


1.45e+4 




Random Samples from Biopile after 2 Months (2005) 


Biol 


2.14e+8 


1.28e+8 


6.61e+7 


4.92e+7 


Bio2 


1.70e+8 


1.52e+7 


1.18e+7 


2.14e+7 


Bio3 


2.34e+8 


1.99e+8 


4.92e+7 


1.96e+7 


Bio4 


4.18e+8 


3.06e+7 


1.18e+7 


6.97e+7 


Random Samples 


from Biopile after 1 5 Months (2006) 


Biol 


3.05e+8 


1.16e+8 


3.06e+6 


2.53e+6 


Bio2 


4.92e+8 


1.96e+8 


2.14e+6 


1.52e+6 


Bio3 


2.75e+8 


1.52e+8 


3.06e+6 


3.72e+6 


Bio4 


4.18e+8 


1.18e+8 


2.32e+6 


3.06e+6 


Note: 


Total heterotrophic bacteria 


were determined 


on nutrient 



media (YTS) and hydrocarbon degraders were determined on 
mineral salts-diesel medium (MSM-diesel). Samples included 
the initial soil composites (A-1, B-1), a noncontaminated 
control soil (C-1), and random composite soils collected from 
the biopile during treatment after 2 months (Biol-Bio4, 
2005) and 15 months of treatment (Biol-Bio4, 2006). 



14.3.2 Indigenous Microbial Degradation Potential: 

Mineralization Analysis 

The assays were performed on the untreated soils, on the nutrient amended soils and 
on soil samples collected from the biopiles after 2 and 15 months of treatment. The 
nutrient amendments were designed to improve microbial activity by supplying the 
nutrients that were most likely limiting, nitrogen and phosphorus. The assays were 
conducted at 4°C, the average summer temperature at the site. In the absence of nutri- 
ent amendments, the contaminated soil composite (AB) showed a negligible min- 
eralization of hexadecane at 22°C (data not shown) and at 4°C (Figure 14.6). When 
the soils were amended with MAP, at 500 mg/kg (high) or 250 mg/kg (low) nitrogen, 
hexadecane mineralization was high (ca. 60%) after 7 weeks incubation. The amend- 
ment of the composite soil with 20-20-20 at 250 mg/kg resulted in slightly lower levels 
of mineralization compared to those observed with MAP (Figure 14.6). Urea was not 
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FIGURE 14.6 Mineralization of *'^C-hexadecane in Alert soils incubated at 4°C. 
Mineralization in the initial composite soil (AB) with no addition, following amend- 
ment with 20-20-20 fertilizer at a low concentration, or MAP or urea at low and high 
concentrations. 



effective at stimulating the indigenous activity to any appreciable extent in compari- 
son with the other two fertilizers, although weak mineralization was observed after an 
extensive lag phase. The results demonstrated that the initial composite-contaminated 
soil contained cold-adapted aliphatic hydrocarbon- degrading microbial populations, 
but to obtain activity, nutrient amendment was required. The specihc nutrient amend- 
ment used also had a noticeable effect, with urea as a very poor candidate, while both 
20-20-20 and MAP stimulated mineralization to comparable extents. 

The soil samples from the biopiles were collected after approximately 2 and 15 
months of on-site treatment and analyzed for indigenous hexadecane mineraliza- 
tion activity at 4°C (Figure 14.7). All the biopile samples collected after 2 months 
of treatment showed a rapid rate of hexadecane mineralization, and achieved the 
maximum extent only after 4 weeks of incubation (Figure 14.7A). The control soil 
showed almost no mineralization in the same time frame. After 15 months of on-site 
treatment, the rates of hexadecane mineralization were still very high, but some- 
what slower than after 2 months (Figure 14.7B). This was not surprising considering 
that the samples were collected in October when the ambient air temperatures were 
already approximately -20°C on-site. Nevertheless, in both cases, the biopile sam- 
ples showed essentially no lag times in hexadecane mineralization, somewhat better 
than the initial soil, which showed a lag time before mineralization began. 

14.3.3 Laboratory Mesocosms 

Laboratory mesocosms amended and incubated under identical conditions to the 
mineralization microcosms were analyzed for residual hydrocarbons (C10-C50) after 
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FIGURE 14.7 Mineralization of '‘*C-hexadecane in Alert biopile soils incubated at 4°C. 
Four random soil samples were collected on site after 2 months (A) and 15 months (B) of 
on-site treatment. A noncontaminated soil from the site was included as a control, in addition 
to a sterile control. 



3 months of incubation at either 22°C or 4°C (Table 14.2). The results showed that even 
without amendments, considerable degradation of the hydrocarbons had occurred at 
both incubation temperatures. The most significant decrease was in soil A amended 
with 20-20-20 and incubated at 22°C (>90% decrease). The results demonstrated that 
nutrient amendment significantly increased the degradation of hydrocarbons, espe- 
cially at the higher incubation temperature (22°C). A typical GC-FID chromatogram 
showing the results of several composite soil B mesocosms in comparison to weath- 
ered diesel and several alkane standards is shown in Figure 14.8. The results show that 
the degradation proceeds more rapidly at the higher incubation temperature. 

14.3.4 Monitoring Biopile Performance 

A large biopile was constructed with the contaminated soils in a bermed area on-site 
in July, 2005. The soils were amended with MAP at a concentration equivalent to 
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TABLE 14.2 

Total Petroleum Hydrocarbon Concentration 
in Alert Mesocosm Composite Soils (A and B) 
or Noncontaminated Control Soil (C) without 
and with Biostimulation (20-20-20 or MAP 
Fertilizers) and Incubation at 4°C or 22°C 
for 3 Months 



Total Petroleum Hydrocarbons 
(C10-C50) (mg/kg) 

After 3 Months 
Incubation At 



Sample 

A 


Time = 0 

3400 


22°C 


4°C 


A - no additions 




1850 


2650 


A + 20-20-20 




275 


1400 


A + MAP 
B 


3250 


650 


1250 


B - no additions 




800 


1150 


B + 20-20-20 




400 


1150 


B + MAP 
C 


<100 


300 


950 



500 mg/kg contaminated soil. After approximately 2 months of on-site treatment, 
random composite soil samples were collected for the analysis of residual hydrocar- 
bons (Table 14.3) and for indigenous microbial population density (Table 14.1) and 
mineralization activity (Figure 14.7A). As indicated previously, the microbial popu- 
lation density (Table 14.1) and the hexadecane mineralization activity (Figure 14 .7A) 
increased significantly in biopile soils relative to the starting contaminated soil. In 
addition, chemical analysis demonstrated that the residual hydrocarbon concentra- 
tion had been reduced by almost 60% (Table 14.3). A more detailed analysis of the 
hydrocarbon fractions in the biopile soils collected after 12 and 15 months of on-site 
treatment demonstrated that the residual hydrocarbon concentration after 15 months 
of treatment was below the Canadian Council of Ministers of the Environment 
(CCME) criteria for industrial coarse soils, indicating that the soils can now be con- 
sidered for release (Table 14.3). The results show that a minimal on-site biostimula- 
tion treatment system was sufficient to treat the on-site contamination within a 2 
year time frame. This data indicates that should future contamination events occur 
on site, it would be possible to treat the contaminated soil within a very reasonable 
time without the need for significant treatment infrastructure. 
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FIGURE 14.8 GC-FID chromatogram of C10-C50 hydrocarbons in Alert composite soil B 
laboratory mesocosms, initially, and following MAP amendment and incubation at either 4°C 
or 22°C for 3 months. Chromatograms showing standard reference alkanes and weathered 
diesel (50%) are presented for comparison. 
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TABLE 14.3 

Total Petroleum Hydrocarbon Analysis in Alert Biopile Soils 

Residual Hydrocarbon Concentration (mg/kg) 



Hydrocarbon Fraction 





Total 


El 


F2 


F3 


F4 


Sample 


C10-C50 


(C6-C10) 


(C10-C16) 


(C16-C34) 


(C34-C50) 


Criteria — 




310 


760 


1700 


3300 


industrial soil 














Random Samples 


after 2 Months of On-Site Treatment (2005) 




Biopile- 1 


1433 










Biopile-2 


1333 










Biopile-3 


1267 










Biopile-4 


1400 










Control (NC) 


<100 












Random Samples 


i after 12 Months On-Site Treatment (2006) 




Al 




18 


680 


37 


ND 


A2 




22 


1000 


46 


ND 


B1 




22 


500 


26 


ND 


B2 




24 


810 


36 


ND 


B3 




18 


640 


47 


ND 


Cl 




27 


790 


38 


ND 


D1 




32 


550 


29 


ND 


D2 




20 


740 


36 


ND 


D3 




20 


720 


41 


ND 




Random Samples 


i after 15 Months On-Site Treatment (2006) 




Biopile- 1 




13 


40 


30 


ND 


Biopile-2 




16 


400 


40 


ND 


Biopile-3 




29 


340 


50 


ND 


Biopile-4 




16 


270 


20 


ND 



Note: Samples initially analyzed using the C10-C50 method (CEAEQ, 1997), and subsequently using 
the E1-E4 method (Turle et al., 2007). Samples included a noncontaminated control soil (control) 
and random composite soils collected from the biopile during treatment after 2 months (biopile- 
l-biopile-4, 2005), 12 months (A1-D3), and 15 months of treatment (biopile- l-biopile-4, 2006). 
ND, not detected. 



14.3.5 Catabolic Gene Microarray Analysis 

A catabolic gene microarray containing amplicons from more than 100 bacterial 
genes involved in the degradation of hydrocarbon pollutants, chlorinated com- 
pounds, heavy metal resistance, and genes from several major nutrient cycles 
(nitrogen, carbon, sulfur) was used to monitor the total microbial communities in 
hydrocarbon-contaminated soil undergoing treatment at CFS-Alert. Microarray 
analysis has been developed and used by several researchers to detect specific target 
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genes primarily using oligonucleotides derived from those genes (Wu et al., 2001; 
Zhou, 2003; Rhee et al., 2004). Several target genes involved in the degradation of 
aliphatic ialkB) and aromatic (ndoB) hydrocarbons were found to increase signifi- 
cantly following biostimulation with the fertilizer MAP (Figure 14.9). When the 
intensities of the hybridization signals relative to the internal controls (16S rRNA 
gene, lambda DNA, and the luxA gene) were analyzed at different times during 
the treatment, substantial increases in the frequencies of specific alkB genes, and 
the ndoB gene were observed, coinciding with increased hydrocarbon-degradation 
activity in the soil. In particular, two different alkB genes from Rhodococcus spp. 
were found to be the predominant alkane degradation genes in the first and second 
years of treatment. During the first year, the ndoB gene was detected at an elevated 
frequency, but its level during the second year of treatment was below the detection 
limit. Other well-known alkane-degradation genes from Alcanivorax borkumensis 
(alkBlAb) and Acinetobacter calcoaceticus (alkM) were not detected in the initial- 
contaminated soil, or in the soil under treatment. The catabolic gene microarray 
proved to be sensitive enough to detect changes in the relative frequencies of several 
important target genes over the course of monitoring biodegradation performance 
in the biopiles. With further refinements to the technique to increase sensitivity 
and to render the method more quantitative, microarray analysis could be a very 
valuable, high-throughput approach for a long-term monitoring of bioremediation 
performance. 



14.3.6 Biopile Monitoring Using Q-PCR 

Q-PCR is a powerful technique to determine the relative number of target gene cop- 
ies in a sample, which can be used to assess whether the target genes have increased 
or decreased in response to a bioremediation treatment (Powell et al., 2006). In the 
present study, Q-PCR was used to validate the results observed with the catabolic 
gene microarray on samples collected during the bioremediation of contaminated 
soil at CFS-Alert. The same samples that were examined using the microarray were 
assessed for the presence of several key target genes involved in the degradation of 
aliphatic and aromatic hydrocarbons. The Q-PCR results (Figure 14.10) supported 
the results seen with the catabolic microarray in that the alkane hydroxylase encod- 
ing gene from Rhodococcus Q15 (alkBl{Q15)) became a dominant alkane-degrading 
gene in the hydrocarbon-contaminated soil during treatment. This domination was 
observed through more than 1 year of on-site treatment. Another alkane hydroxylase- 
encoding gene from an indigenous strain of P. putida (alkB(Pp5)) was a major gene 
in the initial soil and during the first year of treatment, but its numbers decreased 
substantially during the second year of on-site treatment. The best known alkB gene, 
derived from P. putida (ATCC29347) was never detected in this Arctic soil. One of 
the key genes in the biodegradation of polycyclic aromatic hydrocarbons, the ndoB 
gene (nahAc) from Pseudomonas sp. was detected in the starting contaminated soil, 
and throughout the 2 year monitoring program, but it gradually decreased in concen- 
tration during the second year of treatment. 

Q-PCR was shown to be a very effective technique to assess and moni- 
tor the number of target genes in the biopile samples, and to follow any 
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FIGURE 14.9 Catabolic gene microarray analysis of Alert soils. Gene frequencies were 
determined relative to total 16S rRNA genes, corrected for using internal lambda DNA for the 
luxA gene. Target genes involved in aliphatic (alk genes) or polycyclic aromatic {ndoB gene) 
hydrocarbon degradation are shown for total DNA extracted from the initial-contaminated 
composite soils (Al, A2, Bl, B2), or noncontaminated control soil (Cl, C2) in 2005 (panel A), 
from biopile samples collected in 2005 (Biol-Bio4), 2 months after treatment started (panel 
B), and from biopile soils collected in 2006, 15 months after treatment started (Biol-Bio4), in 
addition to contaminated soil from a fresh hydrocarbon spill (NBl, NB2) (panel C). 
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FIGURE 14.10 Q-PCR for genes involved in alkane (alk genes) and polycyclic aromatic 
hydrocarbon (ndoB gene) degradation in soils from CFS-Alert. Total DNA extracts from the 
initial-contaminated composite soils (Al, Bl), and from the biopile soils after 2 months of 
treatment (Biol-Bio4, 2005) and from biopile soils after 15 months of treatment (Biol-Bio4, 
2006) were examined for the alkB gene from a high Arctic P. putida isolate (attS(Pp5)), 
from the well-characterized alkane-degrading P. putida ATCC 29347 (attS(Pp)), the alkBl 
gene from Rhodococcus sp. Q15 (alkBl(Ql5), and the ndoB gene from P. putida ATCC17484 
(ndoB). 



change in numbers during bioremediation. This technique was valuable in 
determining which treatment had the greatest stimulatory effect on the indig- 
enous hydrocarbon-degrading microbial population. Importantly, the same trends 
of increased numbers of specific alkB genes that were observed using the cata- 
bolic gene microarray were observed during Q-PCR analysis. This suggests that 
microarray analysis can be semiquantitative when using appropriate quantitated 
standards, which could be a major advantage when it is desirable to monitor mul- 
tiple target genes simultaneously. 

14.4 CONCLUSIONS 

The feasibility of biotreating hydrocarbon-contaminated soils in the Canadian high 
Arctic was evaluated by initial laboratory analyses of the hydrocarbon degradation 
potential and the activity of the indigenous microbial population and by biostimula- 
tion using several readily available fertilizer amendments. 

An initial laboratory biotreatability study was performed on excavated fuel 
hydrocarbon-contaminated soils at a former gold mine site in Colomac, Northwest 
Territories, and at CFS-Alert, Nunavut, Canada. The study evaluated the presence 
of hydrocarbon-degrading viable bacterial populations, the genetic potential of the 
indigenous soil bacteria to degrade fuel hydrocarbons, the degradation and miner- 
alization activity of soils with and without fertilizer amendments, and the use of 
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Q-PCR and a catabolic gene microarray to evaluate the initial indigenous micro- 
bial population and to monitor biopile soils during the on-site treatment phase. The 
laboratory results demonstrated good hydrocarbon-degradation activity by the indig- 
enous microbial population following nutrient amendment, and this activity was 
sustained at 4°C. Chemical analyses of soils during laboratory or on-site treatment 
confirmed degradation activity and the positive influence of the fertilizer amend- 
ments. At CFS-Alert, an on-site biopile treatment system was constructed to treat 
contaminated soils in the field and provided comparable results to those that had 
been observed in the laboratory. These results demonstrated that a simple treatment 
design that includes controlled fertilizer amendment and soil tilling resulted in an 
effective treatment for fuel hydrocarbon-contaminated soil under ambient climatic 
conditions at the Colomac and CFS-Alert sites. The initial laboratory biotreatability 
study was a crucial step because each site presents specific conditions and challenges 
that will influence the ultimate success of any bioprocess. This approach of minimal 
intervention for the biotreatment of contaminated sites is essential in remote areas 
with extreme climates, and demonstrates the potential for the on-site remediation of 
other Arctic sites. 

The contaminated soils from the two study sites contained indigenous hydrocar- 
bon-degrading microbial populations that responded positively to fertilizer amend- 
ment and were active at 4°C, a temperature that might be achieved in the high Arctic 
during the summer months. In the laboratory studies, hexadecane mineralization 
activity was increased significantly using the fertilizers 20-20-20 and MAP, whereas 
urea had no significant effect on degradation activity. The microbial populations 
in contaminated soils from both sites responded to the fertilizer amendment by 
increasing the population density and relative hexadecane mineralization activity, 
and by increasing the relative numbers of key genes involved in the degradation of 
aliphatic (alk genes) and polycyclic aromatic (ndoB gene) hydrocarbons, determined 
by Q-PCR. 

At the CFS-Alert site, an on-site biopile treatment system was set up in a bermed 
area in the spring of 2005, and monitored for microbial activity and residual hydro- 
carbon concentrations over a 15 month period. In the field, fhe microbial popula- 
tion density and hydrocarbon-degradation activity increased in a manner that was 
consistent with the results that had been observed in the laboratory feasibility study. 
Monitoring data over the 15 month treatment period demonstrated that the hydrocar- 
bon concentration had been reduced to levels that allowed release of the soil based on 
the criteria for an industrial use, coarse grain soil. These results were supported by an 
observed increase in the numbers of key hydrocarbon-degradation genes by Q-PCR 
and by analyzing the genes semiquantitatively using a catabolic gene microarray. 

The initial laboratory feasibility study was instrumental in establishing the treat- 
ment parameters for the on-site treatment system, which included the best fertil- 
izer amendment and the amount necessary to obtain optimum-degradation activity. 
Performance monitoring in the field using culture -dependent and culture-independent 
analyses, including mineralization assays, Q-PCR, and a catabolic gene microarray, 
validated the efficacy of the designed treatment system and confirmed the endpoints 
necessary for the release of the treated soil. 




Bioremediation of Contaminated Sites in the Canadian Arctic 



337 



ACKNOWLEDGMENTS 

Thanks are extended to Sylvie Sanschagrin, Danielle Beaumier, Claude Masson, and 
Danielle Ouellette for their technical support, and to Serge Delisle, Lyle Whyte, and 
David Juck for their contributions to this work. 



REFERENCES 

Aislabie, J.M., M.R. Balks, J.M. Foght, and E.J. Waterhouse. 2004. Hydrocarbon spills on 
Antarctic soils: Effects and management. Environ. Sci. Technol. 38:1265-1274. 

Aislabie, J.M., D.J. Saul, and J.M. Eoght. 2006. Bioremediation of hydrocarbon-contaminated 
polar soils. Extremophiles 10:171-179. 

Braddock, J.E., M.L. Ruth, RH. Catterall, J.L. Walworth, and K.A. McCarthy. 1997. 
Enhancement and inhibition of the microbial activity in hydrocarbon-contaminated 
Arctic soil: Implications for nutrient-amended bioremediation. Environ. Sci. Technol. 
31:2078-2084. 

Centre d’expertise en analyse environnementale du Quebec (CEAEQ). 1997. Methode 
d’analyse-Sols-Dosage des hydrocarbures petroliers CIO a C50, le edition. Ministere 
de I’environnement et de la faune du Quebec, MA.410-HYD. 1.0, 10 pp. 

Fortin, N., D. Beaumier, K. Lee, and C.W. Greer. 2004. Soil washing improves the recovery of 
total community DNA from polluted and high organic content sediments. J. Microbiol. 
Methods 5b:lU-l9l. 

Greer, C.W., N. Fortin, R. Roy, L.G. Whyte, and K. Lee. 2003. Indigenous sediment microbial 
activity in response to nutrient enrichment and plant growth following a controlled oil 
spill on a freshwater wetland. Bioremed. J. 7:69-80. 

Head, I.M., D. Martin Jones, and W.F.M. Roling. 2006. Marine microorganisms make a meal 
of oil. Nat. Rev. Microbiol. 4:173-182. 

Leahy, J.G. and R.R. Colwell. 1990. Microbial degradation of hydrocarbons in the environ- 
ment. Microbiol. Rev. 54:305-315. 

Macnaughton, S.J., J.R. Stephen, A.D. Venosa, G.A. Davis, Y.-J. Chang, and D.C. White. 
1999. Microbial population changes during bioremediation of an experimental oil spill. 
Appl. Environ. Microbiol. 65:3566-3574. 

Margesin, R. and F. Schinner. 1997. Biological decontamination of oil spills in cold environ- 
ments. J. Chem. Technol. Biotechnol. 74:381-389. 

Margesin, R. and F. Schinner. 2001. Biodegradation and bioremediation of hydrocarbons in 
extreme environments. Appl. Microbiol. Biotechnol. 56:650-663. 

Marzorati, M., L. Wittebolle, N. Boon, D. Daffonchio, and W. Verstraete. 2008. How to get 
more out of molecular fingerprints: Practical tools for microbial ecology. Environ. 
Microbiol. 10:1571-1581. 

Muyzer, G., E.C. De Waal, and A.G. Uitterlinden. 1993. Profiling of complex microbial popu- 
lations by denaturing gradient gel electrophoresis analysis of polymerase chain reaction- 
amplified genes coding for 16S rRNA. Appl. Environ. Microbiol. 59:695-700. 

Powell, S.M., S.H. Ferguson, J.R Bowman, and I. Snape. 2006. Using real-time PCR to assess 
changes in the hydrocarbon-degrading microbial community in Antarctic soil during 
bioremediation. Microb. Ecol. 52:523-532. 

Prince, R.C., R.R. Lessard, and J.R. Clark. 2003. Bioremediation of marine oil spills. Oil Gas 
Sci. Technol. 58:463-468. 

Rhee, S.-K., X. Liu, L. Wu, S.C. Chong, X. Wan, and J. Zhou. 2004. Detection of genes 
involved in biodegradation and biotransformation in microbial communities by using 
50-mer oligonucleotide microarrays. Appl. Environ. Microbiol. 70:4303-4317. 




338 



Polar Microbiology 



Roling, W.F.M., M.G. Milner, D. Martin Jones, K. Lee, F. Daniel, R.J.P. Swannell, and 
I.A. Head. 2002. Robust hydrocarbon degradation and dynamics of bacterial com- 
munities during nutrient-enhanced oil spill bioremediation. Appl. Environ. Microbiol. 
68:5537-5548. 

Turle, R., T. Nason, H. Malle, and P. Fowlie. 2007. Development and implementation of the 
CCME reference method for the Canada-wide standard for petroleum hydrocarbons 
(PHC) in soil: A case study. Anal. Bioanal. Chem. 387:957-964. 

van Beilen, J.B., M.G. Wubbolts, and B. Witholt. 1994. Genetics of alkane oxidation by 
Pseudomonas oleovorans. Biodegradation 5:161-174. 

Vinas, M., J. Sabate, M.J. Espuny, and A.M. Solanas. 2005. Bacterial community dynam- 
ics and polycyclic aromatic hydrocarbon degradation during bioremediation of heavily 
creosote-contaminated soil. Appl. Environ. Microbiol. 71:7008-7018. 

Walworth, J.L., C.R. Woolard, J.F. Braddock, and C.M. Reynolds. 1997. Enhancement and 
inhibition of soil petroleum biodegradation through the use of fertilizer nitrogen: An 
approach to determining optimum levels. J. Soil Contam. 6:465-480. 

Whyte, L.G., L. Bourbonniere, and C.W. Greer. 1997. Biodegradation of petroleum hydrocar- 
bons by psychrotrophic Pseudomonas strains possessing both alkane (alk) and naphtha- 
lene (nah) catabolic pathways. Appl. Environ. Microbiol. 63:3719-3723. 

Whyte, L.G., L. Bourbonniere, C. Bellerose, and C.W. Greer. 1999. Bioremediation assess- 
ment of hydrocarbon-contaminated soils from the high Arctic. Biorem. J. 3:69-79. 

Whyte, L.G., B. Goalen, J. Hawari, D. Labbe, C.W. Greer, and M. Nahir. 2001 . Bioremediation 
treatability assessment of hydrocarbon-contaminated soils from Eureka, Nunavut. Cold 
Regions Sci. Technol. 32:121-132. 

Whyte, L.G., T. Smits, D. Labbe, B. Witholt, C.W. Greer, and J. van Beilen. 2002. Cloning and 
characterization of multiple alkane hydroxylases in Rhodococcus spp. strains Q15 and 
16531. Appl. Environ. Microbiol. 68:5933-5942. 

Wu, L., D.K. Thompson, G. Li, R.A. Hurt, J.M. Tiedje, and J. Zhou. 2001. Development and 
evaluation of functional gene arrays for detection of selected genes in the environment. 
Appl. Environ. Microbiol. 67:5780-5790. 

Xu, R., N.L.A. Lau, K.L. Ng, and J.P. Obbard. 2004. Application of a slow-release fertilizer 
for oil bioremediation in beach sediment. J. Environ. Qual. 33:1210-1216. 

Zhou, J. 2003. Microarrays for bacterial detection and microbial community analysis. Curr. 
Opin. Microbiol. 6:288-294. 





Occurrence, Distribution, 
and Nature of 
Hydrocarbon-Degrading 
Genes in Biodegradative 
Microorganisms from the 
Antarctic Environment 



Adriana Philippi Luz, Emanuele Kuhn, 
and Vivian Helena Pellizari 



CONTENTS 

15.1 Introduction 339 

15.2 Bacterial Hydrocarbon-Degrading Genes 340 

15.2.1 Classification 340 

15.2.1.1 Alkane Monooxygenases 340 

15.2.1.2 Aromatic Ring Hydroxylating Dioxygenases 341 

15.2.2 Genes Described in Hydrocarbon-Degrading Bacteria 342 

15.3 Biogeography and Survey for Aik and ARHD Genes in Polar Soils 344 

15.4 Diversity of Aik and ARHD Genes in Antarctic Environments 347 

15.5 Summary 351 

References 352 



15.1 INTRODUCTION 

Hydrocarbons are the principal components of petroleum and fossil fuel, and their 
input into the environment can occur by geological process or by anthropogenic 
sources. The contamination of the environment by petroleum hydrocarbons is a 
widespread problem (Margesin and Schinner, 1999). 

Polar environments usually and naturally contain low concentration of hydrocar- 
bons that are overwhelmingly biogenic in origin, but human activities and oil spills 
have increased their concentration in previously pristine locations. The local sources 
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of hydrocarbons in the Antarctic marine ecosystem are biogenic, petrogenic, and 
anthropogenic (Cripps and Priddle, 1991). The biogenic sources refer mainly to the 
aliphatic hydrocarbons present in the lipid fraction of all marine fauna and flora, 
which has been the largest potential source in the Antarctica. The petrogenic source 
comes from natural spills of submarine hydrocarbon reserves. The anthropogenic 
source comes from the human activities related to logistic and tourism in the area. 
The marine sediment is an important aquatic system, as it is the main destiny of the 
organic and inorganic particles that exist in the water column. Being hydrophobic, 
hydrocarbons tend to be incorporated into the particulate material and deposited in 
the subsurface marine sediment (Volkman et al., 1992). 

In most areas in Antarctica, the soil may not be exposed to contamination, as it 
is permanently covered by snow. However, there are situations, mainly in the areas 
around research stations, where the soil is regularly exposed for a certain period 
of the year and in these cases, the soil is an important sink of contamination. The 
bioremediation of contaminated sites by microorganisms has become an accepted 
technology for the restoration of these environments outside the Antarctic, since it 
is considered to be quite safe and harmless, providing a more cost-effective alter- 
native than conventional physical or chemical clean-up procedures (Milcic-Terzic 
et al., 2001). The biodegradation of a wide range of petroleum hydrocarbons has 
been reported in vitro and in situ experiments at low temperatures, such as the 
Arctic, Alaskan (Lindstrom et al., 1991; Pritchard et al., 1992; Master and Mohn, 
1998; Whyte et al., 1999a,b), Alpine (Margesin et al., 2003), Patagonian (Peressutti 
et al., 2003), and Antarctic environments (Delille et al., 1997; Mac Cormack and 
Fraile, 1997; Aislabie et al., 1998; Margesin and Schinner, 1999; Bej et al., 2000; 
Whyte et al., 2002a; Stallwood et al., 2005; Luz et al., 2006; Ruberto et al., 2006), 
providing essential information on the biology, genetics, and ecology of involved 
microbial communities. From these studies, it is clear that cold-adapted autochtho- 
nous microorganisms may play a signiflcant role in the biological decontamination 
of hydrocarbon-contaminated soils in cold climates. 

The Protocol of Environmental Protection of the Antarctic Treaty (Madrid, 1991) 
requires that activities in the Antarctic continent be planned and conducted so as 
to limit adverse impacts on this pristine environment and that previous damage to 
the environment by human activities should be cleaned up. Thus, the importance of 
monitoring and minimizing anthropogenic impacts is of great value since Antarctica 
is an important resource to be preserved. 

Microbial diversity and biogeography studies can help to identify whether micro- 
organisms or speciflc genotypic characteristics are widely distributed or if they tend 
to be endemic only to speciflc areas (Staley, 1997; Staley and Gosink, 1999). 

15.2 BACTERIAL HYDROCARBON-DEGRADING GENES 

15.2.1 Classification 

15.2.1.1 Alkane Monooxygenases 

Alkane monooxygenases (Aiks), enzymes that belong to the Alkane Hydroxylating 
System, are the key enzymes in the biodegradation of alkanes. They are 
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membrane-bound enzymes that catalyze the initial oxidation of the alkane substrate 
to a 1-alkanol (Wyatt, 1984). The bacterial oxidation of alkanes is very common in 
nature and has been reported worldwide (Watkinson and Morgan, 1990; Sotsky et 
ak, 1994; Whyte et al., 1996; Whyte et al., 2002a; van Beilen et ak, 2003; Head et 
ak, 2006; van Beilen and Funhoff, 2007). Genes encoding these enzymes {alk genes) 
have been characterized in Pseudomonas putida ATCC 29347 (alkB) (formerly 
Pseudomonas oleovorans, see van Beilen et ak, 1994), Rhodococcus sp. strain Q15 
(alkBl, alkB2) (Whyte et ak, 2002b), Acinetobacter sp. ADP-1 (alkM) (Ratajczak 
et ak, 1998), and various Gram Positive and Gram Negative bacteria (Smits et ak, 
1999, 2002; van Beilen et ak, 2002). More than 60 Alk homologs are presently 
known, showing high sequence diversity (van Beilen et ak, 2003; van Beilen and 
Funhoff, 2007). In Eubacteria, almost all alkane degraders belong to a-, [3-, and 
y-Proteobacteria Class and Actinomycetales Order (van Beilen et ak, 2003; Coleman 
et ak, 2006) (Figure 15.1). 

Aiks are identified as containing six transmembrane (TM) helices and four 
conserved histidine-containing sequence motifs (motif A, HEXXHK; motif B, 
EHXXGHH; motif C; NYXEHYG, and motif D, LQRHXDHHA), located near the 
ends of TM helices 4 and 6 (van Beilen et ak, 2005). The eight conserved histi- 
dines in motifs A, B, and D are indeed essential for the activity of Aiks (Shanklin 
et ak, 1994; Shanklin and Whittle, 2003). The single conserved histidine in motif 
C (NYXEHYG) was identified as an additional potential ligand because it is con- 
served in all alkane monooxygenases sequences (Smits et ak, 1999; van Beilen et 
ak, 2003). 

15.2.1.2 Aromatic Ring Hydroxylating Dioxygenases 

Aromatic ring hydroxylating dioxygenases (ARHDs) are multicomponent enzyme 
systems that add dioxygen to the aromatic nucleus of aromatic substrates, breaking 
the resonance of the aromatic ring (Mishra et ak, 2001). All members of the dioxy- 
genase family have two or more proteins involved in the electron transport. Usually, 
they are a family of multicomponent mononuclear (nonheme) iron oxygenases 
composed of a reductase, a ferrodoxin, a terminal dioxygenase large (a) subunit, 
and a terminal dioxygenase small ((3) subunit. Two prosthetic groups, a Rieske- 
type [Ee 2 S 2 l center and a mononuclear iron, are associated with the a-subunit in 
the (a(3)n-type enzymes (Parales et ak, 1998). Being a conserved region of ARHDs 
and presented the catalytic activity in the recognition of substrate (Nam et ak, 
2001), the a-subunit reflects the phylogenetic affiliation between dioxygenases. In 
such case, the a-subunit is used as a target in phylogeny and diversity studies of 
ARHDs. 

The last classification of ARHDs (Nam et ak, 2001) was based on the homology 
of the amino acid sequences of the a-subunit of the enzymes, and identified four 
distinct groups for 54 oxygenases (Eigure 15.2). Group I consists of homo-multimer 
oxygenases and has only the a-subunit, while groups II, III, and IV include het- 
erodimer oxygenases with a- and (3-subunits. The group II contains Benzoate/ 
Toluate dioxygenases, the group III Naphthalene/Polycyclic Aromatic Hydrocarbon 
(PAH) dioxygenases, and group IV benzene/toluene/biphenyl dioxygenases. Group 
I includes oxygenases sharing a low homology with each other and having various 
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57 j- AcineU>bacter sp. (AJ009585) ilkM 

IS (AJ233398) alkM 
I (BAB33284) atkMa 
dO (Af451155) alkBl 
ADPl (CAA05333) alkM 

NCIB 8250 (CAB51023) alkM 
I-V (CAB51021) alkM 





I- Acinetobacter sp. M-1 (BAB33287) alkMb 

— Alcanivorax borkumensis (AB110226) alkB2 



Pseudomonas aeruginosa PA01(AE004581) alkB 

- Silicibacter pomeroyi DSS-3 (AAV96675) alkB 

' Jannaschta sp. CCSl (ABD53311) alkB 

Burkholderia xenovorans LB4O0 (CP000271) alkB 

*55^ I Burkholderia mallei ATCC 23344 (CPOOOOlO) alkB 

73H p Burkholderia cepacia (AJ293306) alkB 
SdTj” Burkholderia cepacia (CP000440) alkB 
Burkholderia cepacia (AJ293344) alkB 
Pseudomonas fluorescens (AF090329) alkB 
Pseudomonas fluorescens CHAO (AJ009579) alkB 
Nocardioides sp. CF8 (AF350429) alkB 
Prauserella rugosa (AJ009587) alkB 
Rhodococcus erythropolis 23-D (AJ301870) alkBl 
Rhodococcus erythropolis 35-0 (AJ301871) alkB 
^8 I Rhodococcus sp. Q15 (AF388181) alkBl 

Rhodococcus erythropolis 16531 (AJ009586) alkBl 
Rhodococcus sp. Q15 (AF388182) alkB2 
Rhodococcus erythropolis 42-0 (AJ301867) alkB 
Rhodococcus erythropolis 23-D (AJ301868) alkB2 
Rhodococcus erythropolis 50-V (AJ301866) alkB 
Rhodococcus erythropolis (AJ297269) alkB2 
I9OJ Rhodococcus sp. IBN (AJ401611) a/AiS 
Ir^ Rhodococcus sp. RHAl (NC_008268) alkB 
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FIGURE 15.1 Phylogenetic tree based on the alignment of amino acid sequences of 
membrane-bound alkane monooxygenases from several a-, (3-, and y-Proteobacteria and 
Actinobacteria. The tree was constructed by using the Neighbor-Joining (NJ) method in 
MEGA3 program with the p-distance model and pairwise deletion of gaps/missing data, 
substitution model PAM Matrix (Dayhoff), and bootstrap of 1000 repetition. The scale bar 
denotes divergence percentage between sequences. Outgroup: methane monooxygenase. 



lengths of 329-446 amino acid residues, while other dioxygenases classified into 
groups II, III, and IV have approximately 450 residues. 

15.2.2 Genes Described in Hydrocarbon- Degrading Bacteria 

The genes encoding monooxygenases and dioxygenases have been characterized 
in P. putida (formerly P. oleovorans) ATCC 29347 (Pp alkB), Rhodococcus sp. 
strain QI5 (Rh alkBl, Rh alkB2), Acinetobacter sp. ADP-1 (Ac alkM), P. putida 
ATCC 17484 (ndoB), P. putida FI (todCl), P. putida ATCC 33015 (xylE, cat23), 
and Pseudomonas pseudoalcaligenes KF 707 (bphA). Pp alkB, located on the OCT 
plasmid, a member of the IncP-2 family of plasmids, encodes alkane hydroxylase, a 
membrane-bound monooxygenase that is the first enzyme of the short-chain alkane 
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FIGURE 15.2 Phylogenetic trees based on the alignment of amino acid sequences of 
a-subunit from dioxygenases from the four groups of ARHDs, according to the Nam classifi- 
cation (Nam et ah, 2001). Neighbor-Joining tree, substitution model: PAM Matrix (Dayhoff), 
and bootstrap of 1000 repetition. The scale bar denotes divergence percentage between 
sequences. 



(Cg-Cij) degradation pathway (Kok et ah, 1989; van Beilen et ah, 1994). Recently, 
highly similar multiple alkane hydroxylase systems have been isolated and charac- 
terized in R. erythropolis NRRL B-16531 and Rhodococcus sp. strain Q15 (Whyte 
et ah, 2002b). This genus and other closely related high %G+C actinomycetes are 
considered important members of hydrocarbon-degrading microbial populations in 
contaminated soils (Warhurst and Fewson, 1994). Both organisms are psychrotro- 
phs that are able to degrade a wide range of n-alkanes (C 8 -C 32 ) and contain at least 
four alkane monooxygenase homologues (Rh alkBl, Rh alkB2, Rh alkB3, and Rh 
alkB4y, when the rhodococcal alkB2 was cloned into P. fluorescens KOB2A1, the 
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recombinant strain was able to mineralize and grow on C 12 -C 15 n-alkanes (Whyte 
et al., 2002b). Ac alkM, one of the five essential genes encoding alkane utilization 
by Acinetobacter sp. ADP-1, is required for the degradation of Ci 2 -Cig n-alkanes 
(Ratajczak et ak, 1998). The natural diversity of the alkane hydroxylase system has 
recently been presented by van Beilen et al. (2003). The ndoB gene, located on the 
NAH7 plasmid, is one of the three genes that encode naphthalene dioxygenase, the 
first enzyme in the P. putida ATCC 17484 naphthalene degradation pathway (Kurkela 
et al., 1988). The todCl gene, located on the chromosome of P. putida FI, encodes 
for the a-subunit of terminal dioxygenase, one of the three components of toluene 
dioxygenase, the first enzyme involved in the toluene degradation pathway (Zylstra 
and Gibson, 1989). The xylE and cat23 genes, located on the TOL plasmid of P. 
putida ATCC 33015, encode for catechol 2,3-dioxygenase, a key enzyme involved in 
the lower degradation pathway of aromatic compounds, such as toluene and xylene 
(Nakai et al., 1983; Moon et al., 1995; Okuta et al., 1998; Laramee et al., 2000). The 
bphA gene, located on the chromosome of the polychlorinated biphenyl-degrading 
strain P. pseudoalcaligenes KF707, encodes for biphenyl dioxygenase, a multicom- 
ponent enzyme responsible for the catalysis of the initial oxidation of biphenyl and 
chlorobiphenyls (Furukawa and Arimura, 1987; Asturias et al., 1995). 



15.3 BIOGEOGRAPHY AND SURVEY FOR ALK AND 
ARHD GENES IN POLAR SOILS 

Several studies have been conducted in cold environments in Alaska, the Arctic 
(Lindstrom et al., 1991; Button et al., 1992; Pritchard et al., 1992; Master and Mohn, 
1998; Whyte et al., 1999a) and the Antarctic (Delille et al., 1997; Mac Cormack and 
Fraile, 1997; Aislabie et al., 1999; Bej et al., 2000; Delille and Delille, 2000; Aislabie 
et al., 2006) to specifically examine petroleum hydrocarbon and polychlorinated 
compound degradations in different ecosystems, but relatively little genotypic infor- 
mation is available for Antarctic soils. For the bioremediation of oil-contaminated 
Antarctic soils, indigenous microbial populations that degrade alkanes and aromatic 
compounds are necessary, since the Antarctic Treaty prohibits the introduction of 
foreign organisms (Aislabie et al., 1998). 

In a survey for indigenous microbial hydrocarbon degradation genes in Antarctic 
soils reported by Luz et al. (2004) and Whyte et al. (2002a), PCR and hybridization 
analyses of DNA extracts from the 16 Antarctic soil samples, using specific primers 
(Table 15.1), resulted in the amplification of DNA fragments of three of the screened 
alkane monooxygenase genes (Pp alkB, Rh alkBl, Rh alkB2). Overall, the rhodococ- 
cal alkBl and alkB2 genes were more frequently detected among the samples than 
the Pp alkB gene. The Pp alkB genotype was detected more frequently in the con- 
taminated soils around the diesel fuel storage tanks at Antarctic Station Comandante 
Ferraz (CF) than in the control soils. However, Acinetobacter alkM was not detected 
by PCR or hybridization analyses. 

The ndoB genotype was detected in 69% of the Antarctic soils. The xylE PCR 
amplification products were detected mainly in control soils, different from the cat23 
genotype that was detected only in contaminated soils around CF. 




TABLE 15.1 

Oligonucleotide Sequences of Primers, Probes, and Reference Strains 
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When biogeography is considered, PCR and hybridization analyses revealed that 
the bacterial communities in both Antarctic and subtropical Brazilian soils pos- 
sessed genes with homology to the ndoB, todCl, xylE, cat23, and bphAl genes (Luz 
et ah, 2004). A similar geographical distribution of these genes was found in Brazil, 
Puerto Rico, and the United States (Pellizari et al., 1996), and in the Canadian Arctic 
(Whyte et ah, 1996, 1997, 1999a). The most common genotypes found in contami- 
nated and control soils were todCl and bphAl from Antarctica and todCl and cat23 
from Brazil; these genes were involved in the degradation of toluene and catechol. 
It is difficult to predict the origin of these genes in Antarctic microbial community. 
However, Fulthorpe et al. (1998), suggested that a high level of genotypic diversity 
within a population suggests that the ability to catabolize a specific compound is 
associated with natural adaptation, and that the horizontal transfer of novel genes 
between geographically distant but related strains is a common event. 

Among the nine different catabolic genes examined, seven were detected in 
nonimpacted areas from the Antarctica. The presence of this genotypic diversity 
in uncontaminated ecosystems could be related to biogenic and/or geochemical 
sources of hydrocarbon compounds in these areas. Also, the quantification of these 
genes in the Antarctic environment can enhance understanding of their presence in 
the pristine areas. For these reasons, qPCR for catabolic genes was applied to four 
Antarctic soil samples where bph genes were previously detected. A set of degener- 
ated primers (Bellicanta, 2004) designed based on the highly conserved regions of 
amino acids sequences that embody the catalytic center [2Fe-2S]-Rieske of ARHDs 
a-subunit was used. 

Copy numbers of ARHD genes in soil samples were 4.0 copies of gene/ng of 
genomic DNA in sample lA, 17.5 copies of gene/ng of genomic DNA in sample IB, 
3.3 copies/ng of genomic DNA to sample 2A, and the lower number of copies, 2.3 
copies/ng of genomic DNA was observed to the sample 2B. These sample numbers 
refer to four soil samples from in situ microcosms located near the diesel fuel storage 
tanks around the Brazilian Antarctic Station Comandante Ferraz. 

The lower numbers of ARHD genes when compared with the higher numbers 
reported in the contaminated samples of temperate soil (Yergeau et al., 2007) can 
be possibly justified for the presence of low hydrocarbon concentration in the soils 
analyzed. 

Once the dispersion of catabolic genes was consistently detected in pristine and 
contaminated soil samples from Antarctica, and the genotypes described appear 
to be ubiquitous in the environment, the knowledge about the biodiversity of these 
genes can provide insight into the origins of hydrocarbon-degrading genes’ in polar 
environments. 

15.4 DIVERSITY OF Ai/f AND ARHD GENES 
IN ANTARCTIC ENVIRONMENTS 

Recent data concerning the diversity of Aiks and ARHDs in marine Antarctic sedi- 
ment from Antarctic Peninsula, using degenerate primers clone libraries, reveal dif- 
ferent distributions of the hydrocarbon-degrading genes in the sites analyzed. The 
sediments were sampled in two different sites in the Admiralty Bay, King George 
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Island (Figure 15.2). One site is located in front of the Brazilian scientific station 
Comandante Ferraz (CF) (62°05.12'S and 58°23.07'W), affected by human activity. 
The second one is a pristine site located across the bay, 3.2 km away, identified as 
Botany Point (BP) (62°05.97'S and 58°20.49'W) (Kuhn et al., 2009). 

The results clearly showed the difference between CF and BP alk genes communi- 
ties with high diversity indices found in BP and two predominant Operational Protein 
Families (OPFs) (Schloss and Handelsman, 2008) in CF: SI (related to Silicibacter 
pomeroyi DSS-3, alkB) and S2 (related to Acinetobacter sp. ADPl, alkM). On the 
other hand, the diversity and distribution of ARHD genes in the same communi- 
ties were similar, with both communities having the same predominant groups: D1 
(related to Rhodococcus sp. RHAl plasmid pRHLl, bphl) and D2 (Burkholderia 
xenovorans LB400, bphAl) (Figure 15.3). 

In alk gene libraries, new genes related to alkB previously described in a-, (3-, 
and y-Proteobacteria (S. pomeroyi, Acidisphaera sp., Alcanivorax borkumensis, 
P. putida), Actinobacteria {Gordonia sp., Prauserella rugosa, Nocardioides sp., 
Rhodococcus sp., Nocardia farcinica) and environmental clones (S7, Sll, and 
S14) were detected. The alkM related to alk genes described in y-Proteobacteria 
(Acinetobacter sp.) were also detected (99.88% identity) with a 35% frequency. 
In general, the alk sequences ranged from 53.10% to 69.60% identity to reference 
sequences by nucleotide level, and 50.90%-73.40% identity to reference sequences 
by amino acid level. With the exception of OPF S2, alk environmental sequences 
showed neither significance nor identity with nucleotide database sequences. 
However, protein alignments showed that all of these PCR fragments encode pep- 
tides with a protein sequence identity to Alk enzymes. Moreover, all sequences 
showed the presence of the two internal conserved regions of alkane monooxy- 
genases (motif B, EHXXGHH; motif C; NYXEHYG) (Kuhn et al., 2009). These 
suggest that some cold-adapted Antarctic marine communities bear alk genes not 
yet described and that these genes are phylogenetically distinct from mesophilic 
bacteria communities (Eigure 15.4). 

ARHD genes found in the same sites were related to biphenyl, benzene, chlo- 
robenzene, isopropylbenzene, toluene, and dibenzothiophene dioxygenases (dioxy- 
genases from Group IV according Nam et al., 2001) already described (Eigures 15.3 
and 15.5). Besides the detection of known dioxygenases genes, ARHD genes related 
to mesophilic uncultured clones were also detected. The ARHD sequences ranged 
from 62.76% to 99.37% identity to reference sequences by nucleotide level, and 
53.38%-98.82% identity to reference sequences by amino acid level. 

Many dioxygenase sequences were associated to dioxygenases described in plas- 
mids and transposons as OPEs D1 and Dll. OPE D1 presented 96.56% nucleotide 
identity to bphAl from Rhodococcus sp. RHAl pRHLl plasmid and OPE Dll 
presented 98% nucleotide identity to bphAl from Ralstonia oxalatica transposon 
TN4371 and bphAl from Burkholderia oxalatica 2A plasmid Pijbl. It was not pos- 
sible to detect phylogenetic distinct groups between ARHD genes as observed in alk 
genes distribution. However, Antarctic ARHD clone sequences were related to five 
distinct substrate groups (Eigure 15.5) previously described in gram positive (purple 
color) and gram negative (pink color) bacteria. The radial tree in Eigure 15.5 shows 
the clustering of ARHDs according to the substrates oxidized. 
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FIGURE 15.3 Comparison between Comandante Ferraz (CF) and Botany Point (BP) clone 
libraries. Photo: indicates the sample sites (marine sediment from 20 m depth). Graphics: alks 
and ARFlDs genes percentage of occurrence and the average of identity between clone sequences 
and GenBank reference sequences: (nt) percentage of identity hy nucleotide level; (aa) percent- 
age of identity hy amino acid level. SI to S15 are OPFs of alk genes found in the libraries. SI 
to S4 was detected in both sample sites, and S5 to S15 was found only in BP site. D1 to D15 are 
OPFs of ARHDs genes found in the libraries. D1 to Dll and D13 are OPFs detected in both 
sites. D12 was detected only in CF site, and D14 and D15 are OPFs found only in BP site. 
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FIGURE 15.4 Phylogenetic tree based on the alignment of amino acid sequences of mem- 
brane-bound alkane monooxygenases from clones obtained in this study and reference strains 
(comprising 162-169 amino acids, corresponding to position 143-310 of alkB from P. putida 
GPol (van Beilen et al., 2005) ). The tree was constructed by using the Neighbor-Joining (NJ) 
method in MEGA3 program with the p-distance model and pairwise deletion of gaps/missing 
data, substitution model PAM Matrix (Dayhoff), and bootstrap of 1000 repetition. The scale 
bar denotes divergence percentage between sequences. Symbols: clones from Comandante 
Ferraz (•); clones from Botany Point (A). Access numbers of alk genes from GenBank data- 
base reference strains are in parentheses. (From Kuhn, F. et al.. Environ. Microbiol., 11, 669, 
2009. With permission.) 



The detection of Group IV dioxygenases in the Antarctic marine sediment are 
consistent with the results found by Nastasi (2006) and Luz et al. (2004). Nastasi 
(2006) detected the presence of bphAl and todCl in diesel-degrading consortia 
of marine sediment samples from South Shetlands Island using specific primers 
for hydrocarbon-degrading genes (Table 15.1). The bphAl gene was amplified 
from a biphenyl-degrading consortium from the same CF sample site from where 
biphenyl- degrading genes were analyzed in sediment samples by degenerate prim- 
ers, showing that the genes found in environment could be active in microbial 
consortia. 
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FIGURE 15.5 (See color insert following page 276.) ARHDs radial tree showing the 
clustering according to the substrates oxidized by the members of Group IV dioxygenases. 
Antarctic clone sequences were related to five distinct substrate groups previously described 
in Gram Positive (purple color) bacteria and Gram Negative (pink color) bacteria such as 
Rhodococcus, Pseudomonas, Comamonas, Burkholderia, and Xanthobacter. Group I was 
not included in this tree because of the low homology of the sequences related to the other 
three Groups of dioxygenases. 



15.5 SUMMARY 

Hydrocarbon-degrading genes appear to be widespread in the environment, includ- 
ing the poles. 

Despite the prevalence of few groups of new genes having been reported, the 
detection of novel genes showed that the biodiversity of these genes in polar environ- 
ments remains scarce. 

In contrast to the new alkane-degrading genes present in the cold-tolerant bacte- 
ria described above, the genes used for aromatic degradation by psychrotolerant and 
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psychrophilic communities do not appear to differ significantly from those identified 
in mesophilic isolates. In fact, Whyte et al. (1996) found that catabolic genes from 
several aromatic -degrading psychrotolerant strains had homology to those described 
in mesophilic bacteria, although other isolates appeared to have novel genes. Thus, 
additional molecular analyses need to be conducted in order to test for the presence 
of catabolic genes specifically adapted to polar regions. 

The presence of ARHD and alk genes in pristine Antarctic sites brings new 
questions related to the origin of these genes in Antarctica. The search for the 
presence and diversity of these genes in permafrost samples or soil exposed after 
a glacier retreat can help us reveal how recently these genes were introduced in the 
environment. 

The significance of the findings discussed in this chapter suggests a need for new 
studies on gene expression to elucidate potential links between microbial community 
structures and their functions in bioremediation processes in polar environments. 
New techniques, such as functional microarray analysis (Yergeau et al., 2007) and 
the Stable Isotope Probing-DNA (SIP) (Leigh et al., 2007) applied to polar environ- 
ment, are promising tools to predict which genes and microorganisms are respon- 
sible for metabolizing organic pollutants in poles. 
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16.1 INTRODUCTION 

Real-time PCR is a powerful tool for exploring microbial community structure and 
function. It allows the quantitative measurement of specibc genes from DNA or RNA 
extracted from cultures or environmental samples. It is possible to target groups of 
bacteria on a phylogenetic basis using the 16S rRNA gene, or genes for particular 
functions, such as sulfate reduction or hydrocarbon degradation. The target of the 
assay is determined by the primer and/or probe pair. The specificity can be broad 
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(genus or group level), or narrow (a particular species, strain, or genotype) allowing 
insight into microbial community structure and function in much greater detail than 
before. Rather than only being able to detect the presence or absence of a particular 
species or gene, as is possible with standard PCR, we are now able to follow changes 
in the abundance of a gene in response to outside factors. For example, Ben-Dov et al. 
(2007) followed the community dynamics of sulfate-reducing bacteria in wastewa- 
ter using the dissimilatory sulfate reductase (dsrA) and adenosine-5'-phosphosulfate 
reductase (aspA) genes. Another example is the use of the ammonium monooxy- 
genase gene iamoA) to follow the effect of fertilization with ammonium sulfate in 
both microcosms and a field trial (Okano et ah, 2004). In bioremediation studies, the 
concentration of catabolic genes such as naphthalene dioxygenase (ndoB) or alkane 
monooxygenase ialkB) has been correlated with the soil hydrocarbon concentration 
(Powell et ah, 2006a; Baldwin et al., 2008), providing a link between the microbial 
process and its effect on its environment. 

The ability to measure specific genes provides a better understanding of the 
microbial processes that occur in a particular system. The polar regions are host to 
microbial communities that have a range of environmental factors to contend with 
in addition to adapting to utilizing pollutants. These conditions can include extreme 
cold, large temperature fluctuations, low water availability, low nutrient availabil- 
ity (more so in Antarctica than the Arctic), and the effect of repeated freeze-thaw 
cycles. Real-time PCR is a tool to help to increase our understanding of all these 
processes and how they interact with biodegradation. An improved understanding of 
microbial community dynamics will lead to improvements in the design of bioreme- 
diation strategies. This is especially important in polar regions where implementing 
bioremediation programs is made more complicated by the climate (short summer 
season, severe weather events) and remote location (increased transport costs, lim- 
ited facilities). 

16.2 REAL-TIME PCR TECHNOLOGY 

The development of the polymerase chain reaction (PCR) in the 1980s as a way of 
accessing and analyzing nucleic acids from cells and the environment started a revo- 
lution in microbial ecology. However, standard PCR is only suitable for qualitative, 
not quantitative, analyses: there is no way of determining how many copies of a par- 
ticular gene are present in a sample. Methods such as most-probable-number PCR 
(Toranzos et ah, 1993; van Elsas et al., 1997) and competitive PCR (Simon et ah, 
1992; Telenti et al., 1992) were developed as quantitative PCR methods. Although 
these methods work well, they are labor intensive and are not cost effective for large 
sample numbers. In the 1990s, real-time PCR was introduced in medical research 
as a means of quantifying the number of copies of a particular gene in specihc tis- 
sues. As with other methods originally developed for the held of medical molecular 
biology, environmental microbiologists soon adapted real-time PCR for their own 
needs. This allowed a shift in focus from “what genes are present in this ecosystem” 
to “how abundant are these genes” and “what affects their expression.” 

Only a brief explanation of the mechanics of real-time PCR is presented here 
as excellent reviews are available (see, e.g.. Held et ah, 1996 or MacKay, 2004). 
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Real-time PCR works on the basic principle that with every cycle of PCR, the number 
of copies of the target amplicon doubles until a reagent, usually either the nucleotides 
or the primers, becomes limiting and a plateau is reached. The more the copies of 
the template DNA are present in the sample at the beginning of the PCR, the sooner 
the plateau is reached (see Figure 16.1). That is, the threshold cycle (C^), the cycle 
where an arbitrary amount of double- stranded DNA is present, is smaller when 
greater amounts of template DNA are present in the initial sample. The relationship 
is a log-linear one described by 

Cj = Mx log(template concentration [copies template/pL]) -I- B 

For a perfectly efficient reaction (doubling of PCR products every cycle), M= -3.322 
and B is 1. In practical terms, M is the slope of the standard curve (plotted as 
threshold cycle against the number of copies in template) and B is the y-intercept 
(Figure 16.2). 

The innovation in the development of real-time PCR was the use of fluorophores 
to measure the amount of double-stranded DNA present, which made it possible 
to follow the progress of the reaction and determine the threshold cycle. Real-time 
PCR machines measure the fluorescence in each reaction tube every cycle and as 
the amount of double-stranded DNA increases, so does the fluorescence. Three types 
of chemistries (ways of linking the fluorophore to the double-stranded DNA) have 
been developed with many variations commercially available. The simplest are the 
intercalating dyes that fluoresce when bound to double-stranded DNA. Hydrolysis 
probes and hybridization chemistries both rely on the interaction of a reporter and a 
quencher fluorophore attached to a probe (see Figure 16.3). When the reporter and 
the quencher are in close proximity, the quencher absorbs the emitted energy from 




FIGURE 16.1 Progression of real-time PCR reactions and the determination of threshold 
cycle. 
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Standard curve 




FIGURE 16.2 Real -time PCR standard curve showing relationship between threshold cycle 
and number of copies of template in sample. 




(A) When close together, energy 
emitted from the reporter is 
absorbed by the quencher. 



(B) When separated, the energy emitted 
by the reporter is no longer quenched 
and can be measured as fluorescence. 



FIGURE 16.3 Interaction between reporter and quencher fluorophores in hybridization and 
hydrolysis probes. 



the reporter and there is no signal. However, when the two are separated there is no 
quenching of the fluorescence and a signal can be measured. 

SYBR Green I is the most common intercalator dye used in real-time PCR. As 
the rounds of amplification continue, the amount of double-stranded DNA increases 
(doubles in a perfectly efficient reaction), and hence the fluorescence also increases. 
However, the drawback to this method is that SYBR Green binds to all double- 
stranded DNA, including primer dimers (primer artifacts) that are formed when 
primers anneal to each other. Careful experimental design and analysis of the PCR 
products must be carried out to ensure that nonspecific products are not causing an 
increase in the fluorescence and hence an overestimation of the gene copy number. 
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The use of hydrolysis probes developed from the 5' nuclease or Taqman assays 
that originally used radiolabeled probes (see MacKay, 2004). This system utilizes 
the 5'-3' exonuclease activity of DNA polymerase to separate the reporter and the 
quencher fluorophores. The probe molecule, with a reporter attached to the 5' end 
and a quencher attached to the 3' end, binds to a target molecule between the two 
primer sites. As the target molecule is amplified, the 5' nuclease activity of DNA 
polymerase cleaves the probe separating the reporter and the quencher thus increas- 
ing the fluorescence. Wifh each round of PCR there are subsequently more target 
molecules for the probe to bind to. It is then cleaved by the DNA polymerase separat- 
ing the reporter and the quencher and hence fluorescence is emifted. 

Hybridization probes, also known as “hairpin oligoprobes,” have complementary 
5' and 3' ends that bind to each other to form a hairpin structure. The most common 
of these are called molecular beacons. The probes are designed to bind to a region 
of the target DNA between the two primer sites. A reporter fluorophore is attached 
to the 5' end and a quencher to the 3' end of the probe. When the probe is not bound 
to the target, the 5' and 3' ends bind to each other and the fluorescence is quenched. 
However, when the probe binds to the target the hairpin structure is lost as the two 
ends are separated from each other. The fluorescence from the reporter is no longer 
quenched, and a signal can be measured. As the PCR continues and more amplicon 
molecules are present, more probe molecules bind to the target that increases the 
emitted fluorescence. 

16.3 ADVANTAGES AND LIMITATIONS OF REAL-TIME PCR 

Real-time PCR has the same advantages and limitations of other PCR-based methods 
compared to culture-based methods. It avoids the bias of the noncultivable majority 
but introduces its own biases, such as preferential amplification in mixed template 
PCR reactions. All methods have some limitations, and therefore it is important to 
choose the most appropriate method for the hypothesis and to interpret the data tak- 
ing into account the limitations of the methodology. Guidelines have recently been 
published (Bustin et ak, 2009) outlining the reporting requirements for real-time 
PCR experiments. It is expected that this will not only improve the quality of pub- 
lished real-time PCR but also enable reviewers (and readers) to evaluate real-time 
PCR experiments and make comparisons of different studies more easily. 

No special handling, such as chemical preservation, is required for samples that 
are to be used for real-time PCR. If the analysis is to be based on DNA, then simply 
freezing the samples at -18°C is adequate. If the analysis is to be based on RNA 
then freezing at -80°C, prompt RNA extraction or freezing with the addition of an 
RNA stabilization product is more suitable. This simplifies fieldwork as samples can 
be collected and frozen without the need for specialized processing, which may be 
difficult in the field. 

In practical terms, real-time PCR is fast and less labor-intensive than many other 
methods, particularly if robotic systems are utilized for setting up a large number of 
reactions. There are no requirements for postreaction processing, and the data analy- 
sis is simplified by the system software. This is the biggest advantage that real-time 
PCR has to offer microbial ecology because it means that once an assay has been 
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designed and optimized it is relatively easy to process large numbers of samples. 
Most systems have 96-well plate or 72-tube configurations with a 2h turnaround, 
so with standard quality control protocols including the duplicates of samples, stan- 
dard curves, and negative controls it is possible to process over a 100 samples per 
day. The most time-consuming part of the process is the DNA or RNA extractions. 
The ability to easily analyze large numbers of samples improves experimental and 
sampling design by increasing the statistical power of an experiment meaning that 
subtle differences between groups (e.g., different treatments or times) are more likely 
to be detected. 

Unlike many other analytical methods, the specificity of real-time PCR assays 
can be controlled through the design of primers and/or probes. Assays can be 
designed to be highly specific, e.g., for a gene carried by a particular strain (see 
Kohno et al. (2002) in which specific primers were designed to detect the variation in 
alkane monooxygenase that degrades n-alkanes with more than 12 carbons), or more 
broadly specific such as detecting all strains from a particular genus (e.g., detection 
of Desulfotomaculum by Stubner (2002)). This flexibility can be very useful. For 
example, it is possible to use universal primers for the 16S rRNA gene to measure 
the total number of copies of 16S rRNA and then use group or species specific prim- 
ers/probes to measure the number of copies of a particular phylogenetic group, thus 
obtaining a realistic picture of the proportion of the microbial community belonging 
to that group. The use of a ratio of specificdotal 16S rRNA genes overcomes the 
problem of the multiple copies of the 16S rRNA gene that occurs when this gene is 
measured alone (see below). 

Real-time PCR is also very sensitive and can detect in the order of 100 copies 
of a gene per reaction. If it is assumed that there is one copy of the gene of interest 
per cell, and that 1 g of sample was extracted to obtain 50 pL of a DNA suspen- 
sion and 2 pL of the extract was used in the reaction, then 100 copies per reaction 
would equate to 2500 copies per g of sample. Given that 1 g of soil may contain over 
1 X 10^ cells, then 100 copies per reaction represents 0.25% of the population. This 
level of sensitivity means that contamination can easily become a problem, and it 
is imperative that negative controls are always included and standard precautions 
are always taken when setting up reactions. Several studies (Gruntzig et al., 2001; 
Okano et al., 2004; Powell et al., 2006a) have reported that the limit of detection is 
around 300 copies per reaction; below this level standard curves become nonlinear 
and unreliable. 

The success of real-time PCR is dependent on the primer and probe designs. 
To design primers that have the desired specificity requires knowledge of the gene 
sequence, and this is often lacking for genes other than the 16S rRNA gene. For 
example, in June 2008 there were 49 sequences for the benzylsuccinate synthase 
gene, a key gene in the anaerobic degradation of aromatic hydrocarbons (Beller et 
al., 2002). Of these, only 11 are from isolates representing 10 different species from 
7 genera. It is unlikely that this number represents the total diversity of anaerobic 
aromatic-degrading organisms. The situation with naphthalene dioxygenase is better 
although again unlikely to cover the real genetic diversity of this enzyme. There are 
currently 214 sequences for naphthalene dioxygenase in GenBank (excluding puta- 
tive genes). Eighty-three of these were from uncultured organisms, only 131 are from 
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hydrocarbon-degrading isolates. These isolates come from 18 different species from 
15 genera (although many were identified only to genus level so the species diversity 
could be higher). 

The complexity of the ecosystem under investigation can add another dimension 
to the task of developing real-time PCR assays. When working with a pure culture 
in vitro, designing a real-time PCR assay to measure the activity of a specific gene 
is relatively straightforward. However, when working with environmental samples 
that contain an unknown number of different species with an unknown number of 
variations of a gene, it is difficult to know how much of that diversity is being cap- 
tured. Some processes are carried out by more than one enzyme, some enzymes 
have conserved genes and others divergent genes. The alkane monooxygenase gene 
is one such example: there are variants that are responsible for the degradation of 
only short-chain or only long-chain alkanes (Sei et al., 2003), and there are pub- 
lished primer sets that distinguish between the alkB gene from Pseudomonas putida 
and that from Rhodococcus erythropolis (Luz et al., 2004). Designing an assay to 
quantitatively measure all alkane monooxygenase genes in a sample is very difficult. 
In these situations, it is often best to tailor the assay around the diversity present in 
the sample set by, for example, first creating a clone library of the gene of interest 
(Powell et al., 2006a). 

After designing an appropriate primer and probe, optimizing reaction conditions 
is the next step in developing and validating a real-time PCR assay. As with stan- 
dard PCR, many factors can be manipulated including primer, probe, and template 
concentrations, annealing temperature and the length of each step. Ideally, in every 
round of PCR, the number of copies of the gene of interest doubles resulting in a 
reaction efficiency of 100%. This can be calculated from fhe slope of the standard 
curve and is automatically done with most real-time PCR software platforms. In 
practice, few reactions consistently display 100% efficiency. A generally accepted 
rule of thumb is that reaction efficiencies befween 90% and 110% are acceptable 
(e.g., Ambion TechNotes). A variation in the reaction efficiency affecfs the calcula- 
tion of the number of copies of the gene from the Cj. One cause of different reaction 
efficiencies is differences in either the template or primer sequences. Degenerate 
primers, which are a mixture of nearly identical primers with one or more nucleotide 
differences, may amplify the template with different efficiencies. However, this is a 
controversial point as few studies have been carried out on the effect of degenerate 
primers on reaction efficiency. One study on woodchuck hepatitis virus (Huang and 
Buckwold, 2005) found that the degenerate primers amplified all forms of the gene 
with equal efficiency. 

As there is a log-linear relationship between the Cj (raw signal) and the number 
of copies of the gene of interest, small differences in the Cj result in large differences 
in copy number. Although this means that real-time PCR is very sensitive to small 
changes in gene copy numbers (useful for applications such as gene expression), it 
also means that the reproducibility of the method can be quite low. The assay coef- 
ficient of variation (CV) can be based on Cj (raw data) or on the calculated gene copy 
number (processed data). In studies that have looked at both (Dionisi et al., 2003; 
Powell et al., 2006a; Smith et al., 2006), the CV based on Cj was always within 
acceptable limits (less than 5%) whereas that based on copy number was up to 20%. 
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A disadvantage of real-time PCR when used to look at processes via functional 
genes is that if DNA is used as the template then there is no way to distinguish between 
dead cells, live cells, and live but dormant (viable but not culturable, VBNC) cells. 
Using mRNA as the template provides an estimate of active genes as Lee et al. (2008) 
showed by measuring different dehalogenase genes to follow the biodegradation of 
trichlorethene. However, the difficulty of obtaining mRNA from environmental sam- 
ples, particularly soils and sediments, is reflected in the lack of bioremediation studies 
using mRNA-based techniques. Recently methods utilizing the ability of propidium 
monoazide bromide (PMA) or ethidium monoazide bromide (EMA) to bind to DNA 
have been developed. Monoazides are only able to enter membrane-compromised 
cells, where, after photoactivation (exposure to light), they bind to DNA preventing 
the DNA from being amplified in subsequenf PCR (Rudi et al., 2005). In this way, 
only DNA from cells that were viable at the time of the monoazide addition will be 
amplified and defected. This method has only been used with simple matrices such 
as biofilms so far; there are no reports of its use in microcosm experiments or biore- 
mediation field trials. However, it is a promising development that is being applied to 
different types of environmental samples (Pisz et al., 2007; Luo et al., 2008). 

16.4 REAL-TIME PCR IN BIOREMEDIATION 

Real-time PCR assays have been published for many genes that are involved in 
hydrocarbon biodegradation including monooxygenases, dioxygenases, and genes for 
anaerobic processes such as benzoyl CoA reductase and dehalogenases. The published 
examples of real-time PCR assays are given in Table 16.1. Some of these assays were 
designed with primers that have broad targets while others have targeted catabolic 
genes that are specific to a study site or a particular species/group of organisms. In 
one case (Hristova et al., 2001), the 16S rRNA gene was measured to follow the popu- 
lation dynamics of a particular strain (PMl) throughout a bioaugmentation trial. 

Catabolic genes often have quite divergent sequences. This can be useful in stud- 
ies looking at the evolution and transmission of catabolic genes through the environ- 
ment. However, it makes quantification by real-time PCR difficult if a conserved 
region of the gene suitable for primer sites cannot be found. Primer sets have been 
published in which there are degenerate primers, however, this is less than ideal as 
some templates will amplify with a greater efficiency than others. Other approaches 
are to target very specific subsets of a gene or to use multiple primer/probe sets 
to capture all the diversity present. DeBruyn et al. (2007) designed real-time PCR 
primer and probe sets for aromatic dioxygenases found in different groups of bacte- 
ria. They were able to distinguish between the pyrene dioxygenase of Mycobacterium 
(nidA) and the naphthalene dioxygenases found in Beta-proteobacteria (nagAc) and 
Gamma-proteobacteria (nahAc). In this case, the authors concluded that the rela- 
tionship between polyaromatic hydrocarbon (PAH) degradation and the levels of 
these three genes made nidA and nagAc, but not nahAc, suitable biomarkers for 
biodegradation. 

Assays that target the 16S rRNA gene can also be useful in the context of bio- 
degradation and bioremediation. Where particular groups of bacteria are known 
to be important, real-time PCR can be used to follow their population dynamics. 
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TABLE 1 6.1 

Examples of Published Real-Time PCR Assays Useful in Bioremediation 



Enzyme 


Gene 


Target Details 


Study Site 


Reference 


Ribosomal RNA 


16S rRNA 


MTBE-degrading 


Sediment in 


Hristova et al. 






strain PMl 


microcosms 


(2001) 


Ribosomal RNA 


16S rRNA 


Ammonia- 


Petroleum waste 


Kurola et al. 






oxidizing bacteria 


landfarm, Finland 


(2005) 


Alkane 


alkB 


Alkane-degrading 


Contaminated 


Powell et al. 


monooxygenase 




soil microbes 


Antarctic soil 


(2006a) 


Naphthalene 


naPiAC, 


BTEX-degrading 


Gasoline-contaminated 


Baldwin et al. 


dioxygenase 


ndo, and 
pahAC 


microbes 


groundwater 


(2008) 


Toluene 


TodCl 


BTEX-degrading 


Gasoline-contaminated 


Baldwin et al. 


dioxygenase 




microbes 


groundwater 


(2008) 


Xylene 


xylM 


BTEX-degrading 


Gasoline-contaminated 


Baldwin et al. 


monooxygenase 




microbes 


groundwater 


(2008) 


Pyrene 


nidA 


Mycobacterium 


Coal tar-contaminated 


DeBruyn et al. 


dioxygenase 




spp. 


soil 


(2007) 


Naphthalene 


nag Ac and 


Beta- 


Coal tar-contaminated 


DeBruyn et al. 


dioxygenases 


nahAc 


proteobacteria 
and Gamma- 
proteobacteria 


soil 


(2007) 


Benzylsuccinate 


bss 


Anaerobic 


Underground fuel 


Beller et al. 


synthase 




aromatic 

degrading 

microbes 


tanks 


(2002) 


Benzoyl CoA 


BCR 


Aromatic- 


Gasoline-contaminated 


Hosoda et al. 


reductase 




degrading, 

denitrifying 

microbes 


groundwater 


(2005) 


Benzoyl CoA 


bcr or bzd 


Aromatic- 


Estuarine sediment 


Song and Ward 


reductase 




degrading, 

denitrifying 

microbes 




(2005) 


Reductive 


tceA, bvcA, 


Dehalogenating, 


Pure cultures. 


Ritalahti et al. 


dehalogenase 


and vcrA 


Dehalococcoides 


contaminated 


(2006) and Lee 








groundwater mRNA 


et al. (2008) 



from groundwater 



This is also useful for following the progress of bioaugmentation where a degrad- 
ing organism is added to the contaminated site. The 16S rRNA gene has also been 
used to estimate total numbers of bacterial cells. However, the number of copies of 
this gene per cell varies between species, which makes it unsuitable for estimating 
total cell numbers in a mixed culture. For example, Desulfurococcus mucosis has 
one copy of the 16S rRNA gene per cell whereas Bacillus cereus has 10-12 copies 
per cell (Fogel et al., 1999). This means that for a sample with 10 D. mucosis cells 
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and 2 B. cereus cells (a total of 12 cells), approximately 30 copies of the 16S rRNA 
gene will be detected. If another sample has 2 D. mucosis cells and 10 B. cereus 
cells (again a total of 12 cells), it will have 102 copies of the 16S rRNA gene and 
will appear to have over three times the number of cells as the first sample. Other 
genes such as the ribosomal polymerase B (rpoB) gene that are also found in all 
cells are conserved genes and appear to have only one copy per cell (Dahllof et al., 
2000), which makes the rpoB gene more suitable for monitoring the total number 
of bacteria. 

16.5 REAL-TIME PCR IN POLAR MICROBIOLOGY 

Very little has been published using real-time PCR to investigate the biodegradation 
and bioremediation processes in polar regions. There have been surveys of catabolic 
genes in the Arctic and Antarctic using PCR-based methods (e.g., Whyte et al., 2002; 
Luz et al., 2004) but surprisingly few quantitative studies. Real-time PCR has been 
used to investigate polar ecosystems but not often for biodegradation studies. For 
example, Abell and Bowman (2005) studied the distribution of the Flavobacteria in 
the Southern Ocean using targeted real-time PCR. Yergeau et al. (2007) correlated 
population structure, measured with real-time PCR of the 16S rRNA gene, to par- 
ticular environmental variables to determine which had the greatest effect on com- 
munity structure. At the current time, there are only two published studies that use 
real-time PCR to follow microbial populations during a bioremediation trial in the 
polar region (Powell et al., 2006a, b). 

16.6 CASE STUDY: FERTILIZATION FIELD TRIAL EXPERIMENT 
AT OLD CASEY STATION, ANTARCTICA 

Old Casey station was occupied by Australia’s Antarctic program between 1969 and 
1988. A spill of around 36,000 L of Special Antarctic Blend (SAB) diesel occurred 
in 1982. As part of a project looking at ways to clean up the old station, a field trial 
looking at the effects of nutrient and water addition to the soil (biostimulation) was 
conducted. Soil was collected, sieved to 4.75 mm, placed in metal containers and 
reburied in the ground to simulate natural conditions. Two treatments were applied: 
low controlled release nutrients (100 mg POI" kg~* 200 mg NOj kg~\ 300 mg NHJ 
kg“') and high controlled release nutrients (400 mg PO|“ kg“^, 700 mg NOj kg~', 
900 mg NH 4 kg“'). These were compared to a control treatment, which had no addi- 
tion of fertilizer. There were four replicates for each treatment. Surface samples were 
taken approximately 1 year later, and after 5 years the containers were removed from 
the ground and samples taken at the top (0-35 mm), middle (35-70 mm), and bottom 
(70-100 mm) depths in the soil profile. 

Initially the aerobic biodegradation of hydrocarbons in the surface samples was 
investigated (Powell et al., 2006a). Most probable number counts were performed to 
estimate the numbers of total heterotrophic, alkane-degrading, and SAB-degrading 
bacteria 1 year and 5 years after the fertilization. A real-time PCR assay was devel- 
oped to target the alkane monooxygenase gene alkB. Degenerate primers were used 
to create a clone library, and the clone sequences were used to design primers that 
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would capture the most common forms of the alkB gene in these samples. The 
primer set for the rpoB gene used by Dahllof et al. (2000) was used to estimate 
the total number of bacteria in the soil, and the proportion of microbes containing 
the alkB gene was calculated as the ratio of the number of copies of alkB: number 
of copies of rpoB. There was a strong positive correlation (r = 0.87) between the 
concentration of n-alkanes in the soil and this ratio. As the w-alkanes were degraded, 
the proportion of microbes carrying the alkB gene decreased. Culture-based meth- 
ods, used on the same samples, showed that the number of diesel degrading bacteria 
remained high. This suggests that as the alkanes were degraded, microbes that 
were able to utilize other components of the diesel became a dominant part of the 
community at the expense of the alkane degraders. This was a positive result for 
the bioremediation of the soil as it indicated that after the easily degraded alkanes 
were lost from the soil, other components of the SAB diesel were being used as 
carbon sources. 

Degradation processes at three depths in the soil profile in the control and high 
nutrient treatment were then explored (Powell et al., 2006b). It was hypothesized 
that because of the excess nutrients added to the soil, hydrocarbon degradation 
coupled to denitrification may be occurring where the soil oxygen availability was 
low, i.e., in the deeper regions of the soil profile. Real-time PCR results showed 
that the increase in the levels of nosZ, the gene for nitrous oxide reductase that is 
part of the denitrification process, was significantly higher in the fertilized samples 
than in the control samples. Using the primers described by Song and Ward (2005) 
for benzoyl Co-A reductase, a key gene in the anaerobic degradation pathway for 
aromatic hydrocarbons, we were also able to show that anaerobic aromatic hydro- 
carbon degrading bacteria were much more prevalent in the fertilized samples 
compared to the control samples from the same depth. We then conducted a micro- 
cosm experiment to demonstrate that hydrocarbon degradation under denitrifying 
conditions occurred in Antarctic soils. This was the first report of this process in 
Antarctic soils. These results had implications for the design of bioremediation 
strategies in terms of oxygen requirements and the form of nitrogen addition to the 
soil. More work is required to determine the significance of anaerobic processes in 
the Antarctic soil ecosystem. 

16.7 POTENTIAL ADVANCEMENTS IN REAL TIME PCR 

As our knowledge of the enzymes and genes involved in biodegradation increases, so 
will the possibilities for using real-time PCR to quantitatively measure these genes in 
the environment. Three areas offer the most promise for developing the use of real- 
time PCR to monitor biodegradation processes in the environment: 

1. Expanding the knowledge base of gene sequences for enzymes involved in 
biodegradation processes 

2. Developing the ability to differentiate between live and dead cells to pro- 
duce a more representative picture of active processes 

3. Improving multiplexing capabilities which will increase the efficiency and 
productivity of this method 
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One of the disadvantages of using DNA-based methods to investigate microbial 
communities is that it is not possible to distinguish between DNA from active cells 
and DNA from inactive cells. Real-time PCR was developed as a method to mea- 
sure the gene expression in tissues by measuring the amount of mRNA present. 
This results in a clear measure of active cells. However, the extraction of qual- 
ity mRNA from environmental samples such as soils is extremely difficult as it 
is a small molecule with a short half life. It is possible to isolate rRNA from the 
environment; but this only allows the exploration of community structure via the 
16S rRNA gene rather than metabolic genes and community function. The use of 
the monoazides (PMA or EMA) to target live cells for DNA extraction currently 
holds the most promise for elucidating active microbial processes in environmental 
samples. 

Multiplex real-time PCR reactions are those where more than one gene in mea- 
sured in a single reaction. This is done by utilizing different fluorophores for the 
different genes. As the available technology has improved, so have the possibilities 
for multiplex reactions with some manufacturers now claiming that up to four targets 
can be measured per reaction. In reality it is difficult, although sometime possible 
(for example Ward and Bej, 2006)) to produce four primer and probe sets that have 
similar optimal PCR conditions and do not interfere with each other. However, the 
ability to measure even two genes simultaneously would increase the efficiency and 
decrease the cost of real-time PCR analyses. 



16.8 SUMMARY 

The design of real-time PCR assays is dependent on quality sequence informa- 
tion, and further use of real-time PCR in bioremediation will be dependent on 
continual research into the genetics of degrading strains. This is currently the 
biggest limitation of real-time PCR: it is only possible to measure what we know 
exists. 

However, real-time PCR can be an important part of the design of bioremedia- 
tion treatments by elucidating what parts of the microbial community are active 
at different stages and what is limiting the degradation process. This knowledge 
is required to decide whether natural attenuation or bioremediation is an appropri- 
ate approach for a particular contaminated site. Real-time PCR can also be used to 
monitor changes in microbial community structure, which provides information on 
the effect of the contamination on the ecosystem and allows treatment end points 
to be set. This is particularly pertinent for the Antarctic as the microbial ecosystem 
is more easily monitored than the invertebrate or transient faunal populations. The 
application of real-time PCR to biodegradative microorganisms will contribute sig- 
nificantly to our understanding of the role of microbial biodiversity and functional 
biodiversity in the Antarctic environment. 

Real-time PCR is a potentially powerful tool for gaining a deeper understand- 
ing of microbial processes in situ, which is, after all, the aim of microbial ecology 
research. 
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17.1 INTRODUCTION 

Although bioremediation is a green technology that can be advantageous for appli- 
cation to polar regions where natural processes and pristine conditions are highly 
valued (see Atlas and Philp, 2005 for an overview of the applicability of bioreme- 
diation for real world cleanup efforts), it should only be relied upon if it can achieve 
acceptable end points of decontamination. Put another way, bioremediation can be a 
cost effective way of lowering the concentrations of pollutants to levels that can be 
accommodated in the environment without causing any ecological harm, but biore- 
mediation has limitations that must be taken into account in considering its potential 
applicability to this remediation of contaminated polar environments. In some cases, 
bioremediation through biostimulation (e.g., fertilizer addition) is the best technol- 
ogy to use; in other cases it is appropriate to rely upon natural attenuation (intrinsic 
bioremediation), which may be the only option in the tool box with a positive benefit- 
to-cost ratio due to expense and the ecological damage of digging up and transport- 
ing the contaminated soils or sediments (see Atlas and Bragg, 2009 for a discussion 
on when and when not to consider active bioremediation). 

In particular, when considering the applicability of bioremediation, it is critical 
to establish the performance parameters that must be achieved in order to determine 
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if bioremediation can be an effective technology. How fast must the pollutant be 
removed? What are the acceptable end points? Will the end points be set based upon 
ecological toxicity or specific pollutant concentrations? Will natural biodegradative 
processes be adequate, or will interventions be necessary, such as biostimulation 
through nutrient addition or tilling, to reduce the concentrations of contaminants and 
if so can such hioremediation achieve the desired cleanup end points? 

When considering the potential for using bioremediation in the future in Arctic 
and Antarctic ecosystems it is important to take into account which pollutants 
are most likely to contaminate specific environments and whether the indigenous 
microorganisms have the metabolic capacity to attack those compounds. Due to the 
extraction of petroleum in the Arctic and the use of petroleum-based fuels for trans- 
portation and generation of heat and electricity in both the Arctic and the Antarctic, 
hydrocarbons are the most likely contaminants in polar environments that might be 
amenable to bioremediation (Snape et ak, 2001). Other contaminants, such as PCBs 
and pesticides, are detectable in polar regions as a result of long distance atmo- 
spheric transport from temperate regions, but are generally disseminated so widely 
and at concentrations that would preclude any active cleanup. Some contained sites 
contaminated with pollutants, such as PCBs at the abandoned Distant Early Warning 
(DEW line) radar stations across the United States, Canadian, and Greenland Arctic, 
are probably best treated using physical means, including burial at hazardous waste 
disposal sites. 

With regard to hydrocarbon pollutants, there already have been several accidental 
oil and fuel spills that have contaminated Arctic and Antarctic ecosystems (see, e.g., 
Aislabie et ak, 2004; Cripps and Shears, 1997; Delille and Pelletier, 2002; Jaraulaa 
et ak, 2008; McCarthy et ak, 2004; Mohn et ak, 2001; Poland et ak, 2003; Stallwood 
et ak, 2005; Whyte et ak, 1999). Despite attention to the prevention of additional 
accidental oil and fuel spillages, they are likely to occur and probably will become 
more frequent as human polar scientific and commercial activities increase. Thus, 
developing appropriate cleanup technologies for accidental crude oil and refined 
petroleum products spills of varying magnitudes is a significant challenge, and it 
is within that context that the potential uses of bioremediation need to be critically 
evaluated. 

As documented throughout this book, microorganisms in Arctic and Antarctic 
ecosystems have been found to have sufficient capacities for degrading hydrocar- 
bons for bioremediation to be considered as a potential cleanup technology for polar 
regions. A number of studies (see, e.g., Aislabie et ak, 1998, 2008; Delille, 2000; 
Delille et ak, 2007; Rike et ak, 2001; Sexstone and Atlas, 1977) have shown that 
both Antarctic and Arctic soil microbial communities are able to degrade a range of 
potentially contaminating aliphatic and aromatic hydrocarbons, even in regions that 
have not previously experienced oil contamination. Studies that have been conducted 
in situ where oil has contaminated the environment (see, e.g., Powell et ak, 2007; 
Prince et ak, 2003) indicate that both Antarctic and Arctic marine sediment micro- 
bial communities are also capable of adapting to utilize hydrocarbons from spilt 
fuel and oil present at environmentally realistic concentrations. Thus, indigenous 
microbes should be capable of degrading many of the petroleum hydrocarbons that 
may contaminate polar terrestrial and aquatic ecosystems. 
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But different microbial populations have specific metabolic capabilities and 
cannot utilize all hydrocarbon pollutants. Powell et al. (2007), for example, showed 
that the biodegradation of petroleum hydrocarbons occurs in Antarctic marine sedi- 
ments, but the longevity of hydrocarbons in Antarctic sediment is influenced by 
location across relatively small distances. She and her colleagues demonstrated that 
faster degradation occurs in the Antarctic at sites with a prior history of oil con- 
tamination suggesting that adaptation is important to early term biodegradation. 
Diverse populations of microorganisms likely will be necessary to attack complex 
mixtures of hydrocarbons that occur when crude oil and refined fuels contaminate 
the environment. In the case of crude oils, some recalcitrant compounds will not 
be utilized by microbes and will remain in the environment. Such residues, like 
asphaltic pavements, generally are not bioavailable and usually are not toxic or dan- 
gerous to organisms and ecosystem functions. In fact, at least one Arctic oil spill that 
occurred along the trans-Alaska pipeline was treated by converting it to an asphalt 
car parking area. 

Although highly weathered residues generally are not bioavailable, the overall 
nature of the oil, including the polar components and by-products of microbial deg- 
radation, must be considered in determining whether or not to rely upon bioreme- 
diation as a remediation treatment for the cleanup of pollutants in polar regions. 
Studies in temperate regions show that as oil weathers and the viscosity increases 
both the bioavailability and the rates of biodegradation decline; more viscous oils are 
degraded at increasingly slower rates (McMillen et al., 1995). Also the more highly 
substituted and higher molecular weight compounds tend to be far less water soluble 
than low molecular weight aromatics and to be more resistant to microbial attack 
(Atlas and Bragg, 2009). Consequently it is not unusual to find asphalt pavements 
years after an oil spill, as occurred following the Metula spill in Tierra del Fuego and 
the Arrow spill in Nova Scotia (Lee et al., 2003; Owens et al., 2007). 

When considering bioremediation for treating oil-contaminated environments it 
also is necessary to recognize that the rates of biodegradation are relatively slow 
compared to physical cleanup methods; bioremediation is not an instantaneous solu- 
tion and it may take many years to reduce hydrocarbon concentrations to acceptable 
levels in contaminated polar ecosystems. Even when high numbers of hydrocarbon 
degraders are present the actual rates of hydrocarbon biodegradation may be severely 
limited by environmental factors, and the physical location and state of the oil. Hence, 
bioremediation is often used only after the physical removal of surface oil. Also since 
the biodegradation of hydrocarbons follows first order kinetics, as the concentration 
of the pollutant decreases so do the rates of further biodegrad ative removal. Thus, 
reaching near zero concentrations of even readily biodegradable hydrocarbons often 
takes extended periods of time before the concentrations of hydrocarbon pollutants 
reach acceptable levels. The expectation of achieving zero concentrations of pollut- 
ing hydrocarbons through biodegradation in situ is not reasonable. 

17.2 ARCTIC ENVIRONMENTS 

The Arctic has a much higher probability of petroleum (crude oil) pollution than 
the Antarctic. This is because petroleum reserves are being exploited throughout 
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the Arctic, leading to a high potential for oil contamination of the environment. 
Petroleum is being extracted at various Arctic locations and the spillages of crude 
oil are likely at these sites and along transport routes. Given the complexity of the 
hydrocarbon mixtures found in crude oils, this represents a major challenge to the 
metabolic capabilities of microbial communities in Arctic ecosystems. Human set- 
tlements in the Arctic, with their reliance on gasoline and fuel oils, also contribute 
to the likelihood of the hydrocarbon contamination of Arctic ecosystems. There are 
numerous towns and villages across the Arctic where refined oils are stored and used 
for transportation, heating, and power. The spillages of these fuels endanger potable 
water supplies as well as ecosystems supporting wildlife. 

According to the U.S. Geological Survey (USGS) (Bird et al., 2008; U.S. 
Geological Survey, 2008a; U.S. Geological Survey, 2008b): “The Arctic is an area of 
high petroleum resource potential, low data density, high geologic uncertainty, and 
sensitive environmental conditions. A large portion of the remaining global endow- 
ment of oil and gas resources has long been thought to exist in the high northern 
latitudes of Russia, Norway, Greenland, United States, and Canada. However, the 
quality, quantity, and distribution of these resources are poorly understood.” Owing 
to the potential importance of Arctic petroleum reserves for meeting global energy 
needs, the Circum-Arctic Resource Appraisal (CARA) was undertaken by the USGS 
to produce a comprehensive and unbiased probabilistic estimate of undiscovered 
petroleum resources in the high northern latitudes. 

The USGS has estimated that areas north of the Arctic Circle have 90 billion bar- 
rels of undiscovered, technically recoverable oil. This represents 13% of the undis- 
covered oil in the world. Of the estimated totals, more than half of the undiscovered 
oil resources are estimated to occur in just three geologic provinces — Arctic Alaska, 
the Amerasia Basin, and the East Greenland Rift Basins. More than 70% of the 
potential Arctic oil resources, 84% of which occur offshore, are estimated to occur 
in Arctic Alaska, Amerasia Basin, East Greenland Rift Basins, East Barents Basins, 
and West Greenland-East Canada. Eour basins are likely to be the focus of the petro- 
leum industry: the Kronprins Christian Basin, which is likely to have large reserves, 
the southwest Greenland basin, due to its proximity to markets, and the more oil- 
prone basins of Laptev and Baffin Bay. 

Extensive drilling done in the Canadian Arctic during the 1970s and 1980s found 
an estimated 1.9 billion barrels of oil which were deemed to be insufficient to justify 
development at that time. A more recent assessment concluded that the Canadian 
Arctic has immense untapped energy resources consisting of oil, natural gas, conden- 
sate, oil sands, oil shales, and gas hydrates located in both the Northwest Territories 
and Nunavut (Hogg and Enachescu, 2008). These are thought to be commercially 
viable to supply growing global needs for petroleum. Greenland is believed to have 
some of the world’s largest remaining oil resources. According to the USGS, waters 
off northeastern Greenland (north and south of the Arctic Circle) could contain up to 
110 billion barrels of oil. In the United States, oil has been produced along the North 
Slope of the Brooks Range Mountains. 

Oil currently flows across Arctic tundra from Prudhoe Bay through the trans- 
Alaska pipeline to the sub-Arctic port of Valdez where it is shipped by oil tankers 
to the lower 48 states. Much controversy centers on whether oil development should 
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be permitted in the Alaskan Arctic Wildlife Refuge where there are believed to be 
extensive oil reserves but also where wildlife, including a very large herd of cari- 
bou, could be endangered by petroleum development. Whether or not this particular 
region is developed, it is clear that petroleum development in many Arctic regions 
will present a threat for spillages that would require remediation. It is also clear that 
standards for the cleanup of any major oil spills in the Arctic Wildlife Refuge would 
have to protect wildlife and be based upon restoring ecological functions as quickly 
as possible. 

Other Arctic regions may soon become favorable for petroleum development. 
Global warming will likely increase this threat as new regions become ice free, 
making drilling and transport of oil more feasible. The reduction of polar sea ice 
and the increasing worldwide demand for energy will probably result in a dramatic 
increase in the number of vessels carrying petroleum in Arctic waters. It is possible 
that sufficient sea ice will disappear to make the Arctic seas a major transport route 
for shipping between Asia and Europe. Thus, the likelihood of a significant contami- 
nation of Arctic ecosystems with petroleum hydrocarbons is on an upward trajectory, 
making it especially important to consider what role bioremediation would play in 
future cleanup efforts. A recent report concluded that “the existing infrastructure for 
responding to maritime accidents in the Arctic is limited and more needs to be done 
to enhance emergency response capacity as Arctic sea ice declines and ship traffic in 
the region increases” (University of New Hampshire and the National Oceanic and 
Atmospheric Administration, 2009). 

Several Arctic Oil spills have already occurred. One of the worst Arctic oil spills 
occurred in Russia in 1994. This spill, which may have been eight times bigger than 
the Exxon Valdez oil spill, occurred near the town of Usinsk. A pipeline just south of 
the Arctic Circle began leaking in February but the oil was contained within a dike 
until October when the dike collapsed. About 102,000 tonnes of oil contaminated 
the Siberian tundra. The spill reached the Kolva River, a tributary of the Pechora 
River, which flows into the Barents Sea. Another spill occurred in 2006 when about 
267,000 gallons (1 million liters) of oil leaked onto the tundra of Alaska’s North 
Slope at Prudhoe Bay. The spill occurred in February, and it took 5 days to discover. 
The spill, which covered about 2 acres (0.8 ha), occurred in an area where pipes are 
buried and covered with gravel to allow passage by animals. The pipe which was 
laid in the early 1970s had corroded. Prior to this spill, the largest in the North Slope 
was a 38,850-gallon (147,063-F) spill in 1989. In each of these spills, physical means 
were used for the cleanup, and there was no active bioremediation. Oil that was not 
recovered is still undergoing natural biodegradation in the impacted ecosystems. 

17.3 ANTARCTIC ENVIRONMENTS 

The Antarctic differs significantly from the Arctic in that it is more pristine and has 
not been subject to the same human impact and pollution. The Antarctic remains 
mainly a natural habitat. The only people currently living in the Antarctic are sci- 
entists. A limited number of tourists, albeit a growing number, visit the Antarctic 
Peninsula but do not move far from the immediate coastal shorelines. Although 
several fuel spills have occurred during early exploration and more recently near 
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scientific research stations, the major impact on the Antarctic is coming from air 
pollution produced in temperate regions. Global warming is causing significant ice 
melting and the injection of chemicals into the atmosphere has resulted in a depletion 
of ozone and hence exposure to more ultraviolet radiation in the Antarctic due to the 
creation of an ozone hole in the atmosphere over the Antarctic Continent. Unlike the 
Arctic where there is a rush to extract petroleum reserves, there is no petroleum or 
other mineral exploitation in the Antarctic and this will be the case as long as the 
provisions of the Antarctic Treaty remain in force. 

The Protocol on Environmental Protection to the Antarctic Treaty, also known as 
the Antarctic-Environmental Protocol, which is a part of the Antarctic Treaty System, 
provides for comprehensive environmental protection of the Antarctic environment 
and dependent and associated ecosystems. The Parties to the Treaty have committed 
themselves to the comprehensive protection of the Antarctic environment and depen- 
dent and associated ecosystems, and have designated Antarctica as a natural reserve 
devoted to peace and science. Any activity relating to mineral resources, other than 
scientific research, is prohibited by the Treaty. The Treaty limits or prohibits the 
use of certain chemicals, e.g., PCBs, and requires the development of emergency 
response action plans for incidents, e.g., fuel spills, with potential adverse effects on 
the Antarctic environment or dependent and associated ecosystems. 

As discussed in other chapters of this book there have been several fuel oil spills 
in the Antarctic, some of which have raised serious concerns about potential eco- 
logical harm. An accidental soil contamination by diesel fuel, for example, occurred 
in the Crozet Island between July and November 1997 near the “Alfred Faure” sci- 
entific station where more than 20,000 L of diesel fuel was spilled in the vicinity 
of the power station (Delille and Pelletier, 2002). A much larger spillage occurred 
on January 28, 1989 when the Bahia Paraiso ran aground near Janus and DeLaca 
islands less than two miles from Palmer Station. As a result of that ship accident, 
an estimated 600,000 L of diesel fuel and other petroleum products leaked into 
the coastal Antarctic waters. As vessels continue to sail in the ice-laden waters of 
Antarctica more such spills can be anticipated. It can be expected that most fuel oils 
spilled into coastal waters around Antarctica will be subject to natural weathering, 
including biodegradation by indigenous microorganisms as was the case following 
the Bahia Paraiso spillage. 

Other spills in the Antarctic have largely been terrestrial and primarily associated 
with scientific research bases. Most hydrocarbon contamination in the McMurdo 
Sound area, where the United States has its major Antarctic research station, has 
occurred around landfills, helipads, and refueling areas, and from leaks in fuel tanks 
and fuel lines. Relatively high levels of hydrocarbon contamination are also found 
at research stations in other parts of Antarctica (Saul et ah, 2005). Much of this 
contamination has occurred in soils adjacent to the stations where human activi- 
ties are focused (Aislabie et ah, 2004). In each case the spillage has been of refined 
oil, e.g., diesel fuel or gasoline, that is a far less complex mixture than a crude oil. 
Hence, with regard to the likely contaminants bioremediation in the Antarctic is less 
challenging to microbial communities than the Arctic with regard to the range of 
hydrocarbons that would need to be degraded. Also as long as bioremediation can be 
carried out in situ without disturbing the environment it may be preferred over other 
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methods, e.g., digging up soil that may cause slumping and the loss of permafrost 
would not be favored under the Antarctic Protocol. 



17.4 WHAT DO WE KNOW AND WHAT DO WE NEED TO 
KNOW FOR BIOREMEDIATION TO BE SUCCESSFUL 
IN POLAR REGIONS? 

Many studies have shown that hydrocarbon-degrading microorganisms are ubiqui- 
tous in polar regions. A number of studies have characterized these microorganisms. 
The result is that, as documented in the earlier chapters in this book, we know that 
hydrocarbon-degrading microorganisms are likely to be present in sufficient num- 
bers and with sufficient metabolic capabilities to attack many different hydrocarbons 
in soils and waters in Arctic and Antarctic ecosystems that are, or may become, 
contaminated with petroleum hydrocarbons. The only exceptions may be on the sur- 
faces of ice and in low carbon soils of the Antarctic Dry Valleys where microbial 
populations may be limited in numbers and diversities. In most polar ecosystems 
though, the indigenous microbial communities should respond to the presence of 
hydrocarbons and changes in community structure should be expected to result in 
increased numbers of hydrocarbon-degrading microorganisms that may persist even 
after the disappearance of the contaminating hydrocarbons. Following the hydrocar- 
bon contamination of Antarctic soils, for example a significant shift was observed to 
organisms more capable of degrading diesel fuel (Saul et al., 2005). 

Ice represents a special environment that is prevalent in polar regions and must be 
considered in developing contingency plans for Arctic and Antarctic spillages of crude 
and refined oils. As an example of the fate of spilled fuel on polar ice, evaporation 
was the main mechanism for the loss of hydrocarbons from an approximately 730 L 
aviation diesel fuel spill that contaminated ice covering Lake Fryxell (McMurdo Dry 
Valleys, East Antarctica) following a January 2003 helicopter crash. Biodegradation 
was restricted to the regions of sediment-bearing ice where alkane and aromatic 
hydrocarbon degraders were able to utilize the spilled fuel (Jaraulaa et al., 2008). In 
areas where sediments are present on ice, an ecologically and physiologically com- 
plex microbial consortium develops from the relatively nutrient- and carbon-enriched- 
mixture of sediment and water. In the Arctic microbial communities associated with 
fjord ice have been shown to be capable of degrading hydrocarbons; however, the 
evidence suggests that hydrocarbon biodegradation will occur only very slowly and 
negligibly in the upper layers of contaminated ice (Brakstad et al., 2008). 

Even though hydrocarbon-degrading microorganisms are indigenous and readily 
found in soil and aquatic Arctic and Antarctic ecosystems, as stated by Westlake 
(1982), no single microbial species has the enzymatic ability to metabolize all of the 
types of compounds found in a crude oil; thus, a community of microbes is respon- 
sible for the natural biodegradation of the complex hydrocarbon mixtures found in 
oil. Much more information is needed about the diversity of hydrocarbon-degrading 
microorganisms in Antarctic and Arctic regions if a predictive capability that could 
aid in decisions about the applicability and potential performance of bioremediation 
in polar regions is to be achieved. 
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Regardless of the valuable additional scientific information that can be generated 
about the indigenous microorganisms that are capable of degrading hydrocarbons 
and the other compounds in fuels, e.g., anti-icing compounds, in various Arctic 
and Antarctic ecosystems, seeding with a specialized exogenous microorganism, 
or a mixture of such organisms, should not be necessary to treat oil spillages that 
contaminate Arctic or Antarctic water, coastal soil, and shorelines since bioaug- 
mentation in situ has not proven successful for treating oil spills even in temperate 
environments. This is fortunate since the introduction of exogenous microorgan- 
isms would be prohibited by the international Antarctic Treaty and almost certainly 
would be blocked by the legal action from being used in the Arctic. An exception 
though might be some regions of ice, the soils of the Dry Valleys, and the edge of the 
polar plateaus where there may be limited numbers and diversity of hydrocarbon- 
degrading microorganisms. 

The lack of realistic prospects for developing a superbug to treat oil spills has not 
dissuaded a number of investigators from undertaking research to find microbes that 
could be used for in situ bioaugmentation. From the mid-1980s up to the late 1990s 
numerous attempts were made to design genetically modified microorganisms for 
environmental release as agents for the bioremediation of various pollutants (Urgun- 
Demirtas et ah, 2006). Yet, “the field eventually came to a standstill because of 
regulatory restrictions and after multiple failures to program bacteria to behave in a 
predictable fashion in real world settings” (Cases and de Lorenzo, 2005). According 
to de Lorenzo (2008), part of the problem can be traced to the multiscale complex- 
ity associated with bioremediation (much beyond improving one new enzyme or 
pathway), and the need to take aboard design principles for complex circuits that 
are routine in systems engineering, de Lorenzo (2008) considers bioremediation as 
the exposure of a whole mixture of chemical structures to an intricate multispecies 
metabolic network present in a polluted scenario. He points out that the complexity 
involved in such events is growingly amenable to the conceptual frame and the tools 
of systems biology because (1) “the availability of genes, genomes, and metagenomes 
of biodegrad ative microorganisms makes it possible to model and even predict the 
fate of chemicals through the global metabolic network that results from connect- 
ing all known biochemical transactions” and (2) “Recent computational resources 
increasingly help in the design of superior biocatalysts for the biodegradation and 
biotransformations of desired chemicals.” 

Given the lack of success in bioaugmentation for treating spilled oil, the search for 
specialized microorganisms that can degrade hydrocarbons as potential seed organ- 
isms for in situ bioremediation applications does not a appear to be a fruitful line 
of research. Additionally, for the Antarctic, the introduction of foreign microorgan- 
isms into the environment is prohibited. This does not suggest that studies should 
not be conducted to characterize microbial populations that can degrade polluting 
hydrocarbons. Such studies, particularly those that employ molecular methods to 
characterize the metabolic capabilities of the indigenous microbial populations, are 
potentially quite useful for predicting and monitoring the fate of pollutants. In addi- 
tion, specialized microorganisms or microbial communities with appropriate genetic 
capabilities might be used in contained bioreactors, e.g., for the treatment of con- 
taminated water or in contained biopiles to treat contaminated soils. 
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Although there have been relatively few studies performed on the potential use of 
bioremediation in diverse polar environments, the studies that have been performed 
have shown that fertilizer application can stimulate biodegradation in Arctic and 
Antarctic ecosystems suggesting that bioremediation may be a successful strategy 
for cleanup of oil and fuel spills. 

de Lorenzo (2008) points out that the factors at play in bioremediation scenar- 
ios include more elements than just the biological catalysts and the contaminants. 
Their dynamic interactions occur in concrete abiotic settings, which are defined by 
a whole of physicochemical conditions: Oj tension, electron acceptors, water, tem- 
perature, granulation, and others, many of which change over time and the course 
of the catalysis and determine the species composition of the endogenous microbial 
communities as much as (or more than) the availability of given chemical species 
as C and energy source, de Lorenzo (2008) proposes that “there are three dimen- 
sions to the effectiveness of any bioremediation process, only one of them (the cata- 
bolic landscape) being biological. The chemical landscape of the place, including 
nutrients-to-be, electron donors/acceptors and stressors has a dynamic interplay 
with the biological vector of the system on the abiotic background imposed by the 
micro/macrogeography of the location at stake. This includes humidity, conduc- 
tivity, temperature, pressure, texture, matric conditions, redox (Oj) status, etc.” In 
fact, it is the engineering of these latter environmental conditions that is key to 
successful bioremediation. 

Swannell et al. (1996) critically examined the applications of bioremediation 
in field trials of both experimental and accidental oil spillages, including those in 
Arctic and Antarctic coastal waters and shorelines. They concluded that the poten- 
tial for bioremediation for open polar marine waters has not been demonstrated and 
that there is little chance that bioremediation would be used except when shorelines 
or terrestrial ecosystems are impacted. Sirvins and Angles (1986) did perform a sea 
trial in Antarctica with the oleophilic fertilizer Inipol LAP 22 to treat Arabian light 
crude oil that indicated the possible stimulation of biodegradation. But the limited 
data were inadequate to establish the effectiveness of bioremediation (Swannell et 
al., 1996). Sveum and Ladousse (1989), who also carried out a field trial with Inipol 
LAP 22 in a lagoon system on the coast of Kings Bay, Spitsbergen, Norway, found 
that there was no increase in the rate of biodegradation over an 80 day period follow- 
ing fertilizer addition. They hypothesized that the photooxidation of the oil on the 
sea surface as a result of 24-h exposure to the Arctic sun occurred faster than biodeg- 
radation. It is also possible that the fertilizer dispersed before it could stimulate the 
microbial biodegradation of the open-water oil slick. The conclusion was that nutri- 
ent addition was ineffective for the treatment of open-water oil slicks in the Arctic. 

In contrast to these unsuccessful open-water bioremediation trials, nutrient addi- 
tions to soils and shorelines have proven more promising for stimulating microbial 
oil degradation. Braddock et al. (1997) conducted treatability studies for the potential 
treatment of contaminated soils near Barrow Alaska. Fertilizer application enhanced 
microbial hydrocarbon-degrading activity, and both aromatic and aliphatic hydro- 
carbons were degraded at increased rates from these soils following fertilizer appli- 
cation (Braddock et al., 1999). 
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In a field trial carried out in 1976 at Spitsbergen, Norway, Sendstad et al. (1984) 
also found that fertilizer application stimulated oil biodegradation. This study sup- 
ported the ability of bioremediation to accelerate the rate of oil biodegradation on 
Arctic shorelines but not the extent of biodegradation. The results are consistent with 
the sub-Arctic Alaskan Exxon Valdez experience where fertilizer application was 
demonstrated to increase the rates of oil biodegradation by up to five times shortly 
after the spill (Bragg et al., 1994). However, in the study conducted at Spitzbergen, 
within 4 years natural attenuation caught up, and the extent of degradation was simi- 
lar on fertilized and unfertilized shoreline plots (Sendstad et al., 1984). 

The Baffin Island Oil Spill Project, which was an extensive field study carried 
out between 1980 and 1983 in Canada’s eastern Arctic at Cape Hatt on the northern 
end of Baffin Island, included an assessment of bioremediation (Prince et al., 2002; 
Sendstad, 1980; Sendstad et al., 1982; Sergy and Blackall, 1987). In this study, nutri- 
ents were not well retained in the sediments. Nevertheless, the addition of nutrients 
resulted in an increase in the number of oil-degrading bacteria and respiratory car- 
bon dioxide production in comparison to untreated controls. Although little differ- 
ence in oil concentration was noted between the nutrient-treated and control plots, 
the results suggest that bioremediation may have some potential, even in an Arctic 
environment. The enhancement of oil biodegradation rates by fertilizer addition was 
evident 2 years after the experiment began as indicated by changes in the alkane/ 
isoprenoid ratio in the residual oil. A combination of fertilizer application and tilling 
of oil and fertilizer into the sediment supported the highest rates of biodegradation. 

The ability of fertilizer application to stimulate biodegradation was tested follow- 
ing an accidental spillage of 88,000 L of gasoline from storage tanks into Kings Bay, 
Spitsbergen, in November 1985 (Sveum, 1987; Sveum and Ladousse, 1989). The oil 
was stranded on coarse sediments and had weathered for 2 months before any fertil- 
izer was applied. It was estimated that fertilizer (Inipol EAP 22) addition resulted 
in two- to threefold increase in the biodegradation of the alkanes in the oil. Based 
upon their Arctic field studies, Sveum and Bech (1994) suggested that bioremedia- 
tion should be targeted primarily at oil that remains in beach sediments after the 
initial weathering and physical removal of surface oil. 

The application of slow-release and soluble fertilizers proved to be an effective 
and environmentally benign way of stimulating oil biodegradation on an Arctic 
shoreline (Prince et al., 2003). These experiments were conducted on shorelines near 
Sveagruva, Spitzbergen in the summers of 1997 and 1998. Fertilizer application to 
the surface of the beach delivered nutrients to the oiled sediment beneath the beach 
surface. The addition of fertilizer supported a greater biodegradation of oil than on 
nonfertilized plots. The rate of oil biodegradation was approximately doubled over 
the course of a year by fertilizer applications in the first 2 months after the spill. It 
is noteworthy that fertilizer applications over a relatively short period had a pro- 
nounced effect on the chemistry of the residual oil 1 year later. 

Several bioremediation experiments have demonstrated the potential efficacy of 
bioremediation in Antarctica to treat hydrocarbon-contaminated ecosystems (Aislabie 
et al., 2001, 2004; Coulon et al., 2004; Delille, 2000; Delille et al., 2007; Kerry, 1993, 
Snape et al., 2001; Stallwood et al., 2005). The addition of nutrients was found to 
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stimulate the biodegradation of oil on a number of contaminated subpolar shorelines 
(Delille et ah, 2002; Pelletier et al., 2004). In a field study begun in December 2000 
in the vicinity of the scientific research station of Port-aux-Fran^ais (sub-Antarctic 
Kerguelen Archipelago), the addition of the slow release fertilizer Inipol EAP-22 sig- 
nificantly improved the rates of hydrocarbon biodegradation. However, even after 4 
years, the toxicity of oiled soils as determined by Microtox solid phase tests showed 
a persistent response in spite of an apparent significant degradation of alkanes and 
aromatics. This raises the question as to whether bioremediation can achieve the nec- 
essary performance for environmental restoration even when microbial degradation 
can reduce significantly the concentrations of the polluting hydrocarbons. 

Because in situ conditions are most likely to be suboptimal for biodegradation 
in polar soils, ex situ bioremediation may turn out to be the method of choice for 
ameliorating and controlling the factors limiting microbial activity, i.e., low and fluc- 
tuating soil temperatures, low levels of nutrients, and possible alkalinity and low 
moisture (Aislabie et al., 2006). Bioremediation experiments conducted on-site in 
the Arctic indicate that land farming and biopiles may be useful approaches for the 
bioremediation of polar soils. Ex situ biopiles have been used successfully for the 
bioremediation of diesel-contaminated Arctic soils using biostimulation (heating, 
nutrients, and aeration) (Filler et al., 2001; Mohn et al., 2001). Nutrient amendment 
in biopiles has consistently improved the bioremediation of hydrocarbon-contami- 
nated soils in the Arctic (Mohn et al., 2001; Thomassin-Lacroix et al., 2001). In one 
study, Braddock et al. (1999) found that the loss of linear alkanes was more strongly 
affected by the addition of fertilizers than branched alkanes. In contrast to fertil- 
izer addition, the bioaugmentation of the biopiles with enrichments of cold-adapted 
microbes has yielded variable results in the Arctic (Mohn et al., 2001; Thomassin- 
Lacroix et ah, 2001). Landfarming also has been demonstrated to be a potentially 
useful ex situ bioremediation method for polar regions (McCarthy et al., 2004). A 
field scale landfarming experiment conducted at Barrow, Alaska found that hydro- 
carbons in a diesel fuel could be reduced to target levels (McCarthy et al., 2004). 

Two relevant questions that need to be considered when evaluating the potential 
use of bioremediation are what is the ultimate standard that should be used for mea- 
suring success and how should bioremediation (e.g., hydrocarbon biodegradation) be 
measured? Many different standards and methodologies are currently employed and 
these may change over the course of treatment, making it very difficult to carry out 
in advance the necessary research. As a result both laboratory and field demonstra- 
tion projects generally have proven to be necessary for real-world applications before 
bioremediation could be used for treating major oil spills, e.g., the sub-Arctic Exxon 
Valdez oil spill (see Bragg et al., 1992 for a discussion on the testing and application 
of bioremediation in Prince William Sound Alaska). 

Much research has been done on how to assess the biodegradation of complex 
hydrocarbon mixtures, e.g., crude oil spills, in actual field settings. Because of envi- 
ronmental variability (patchiness of distribution), the extraction of hydrocarbons 
and measurement of total extractable petroleum hydrocarbons (sometimes referred 
to as TPH or TEH) has proven to be inadequate for assessing rates and extent of 
pollutant removal achievable by biodegradation. Yet the concentration of extractable 
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hydrocarbons is often used as the measure of residual pollutant for determining if the 
environment is clean enough. 

Measuring only total extractable hydrocarbons, however, overlooks the presence 
of naturally occurring hydrocarbons in the environment, e.g., from extensive peat 
deposits in the Arctic and also fails to take into account the fact that toxicity is asso- 
ciated with specific hydrocarbons, such as some aromatic compounds. The need to 
consider individual hydrocarbons, as opposed to the total mixture, complicates the 
assessment of a suitable treatment end point unless very detailed chemical analyses 
or ecotoxicity tests are performed. Various measures have been proposed for deter- 
mining the appropriate ecotoxicological end points of hydrocarbon biodegradation, 
but particular measures and specific cleanup levels derived from temperate zones 
may be too liberal for soil contamination in sub-Antarctic islands and other polar 
regions (see, e.g., Schafer et ah, 2007). Clearly caution must be used as commonly 
used tests, e.g., Microtox or CYPIA (hepatic cytochrome P450 lA) induction, may 
not provide the necessary data for making appropriate decisions about the actual 
environmental impact of a pollutant. 

With regard to the evaluation of oil biodegradation and the efficacy of biore- 
mediation, this often is a difficult task, especially in the field because of the com- 
plexity of weathering processes and the heterogeneity of contaminated sites; oil 
contaminated sites are often highly heterogeneous. Oil concentrations can vary 
greatly within a small area, and consequently, variability associated with field 
studies can be so high as to preclude or interfere with the ability to discern sig- 
nificant treatment differences. It is possible though to reduce the spatial variabil- 
ity of the data on biodegradation by normalizing to a conserved chemical species 
within the mixture (Douglas et al., 1994). Early studies on oil biodegradation — 
conducted at a time when gas chromatography was widely employed as the state 
of the art analytical methodology for tracking the fate of individual aliphatic and 
aromatic compounds in residual oil — often employed pristane and phytane as pre- 
sumed conserved internal standards (Atlas and Bartha, 1973). A number of stud- 
ies on Arctic and Antarctic hydrocarbon biodegradations discussed in this book 
also have relied upon heptadecane to pristane ratios for assessing biodegradation. 
While comparisons of the relative rates of the disappearance of linear alkanes and 
light aromatics to pristane or phytane are useful in laboratory studies and the early 
stages of oil biodegradation, both pristane and phytane are subject to extensive 
biodegradation that severely limits their usefulness for monitoring biodegradation 
and the extent of the weathering of complex hydrocarbon mixtures in the environ- 
ment over extended periods. 

Various other compounds present in crude oils are far more resistant to biodeg- 
radation and make better biomarkers (Atlas and Bragg, 2007; Douglas et al., 1996; 
Wang et al., 2001). For example, after 22 years of weathering most paraffins and 
polycyclic aromatic hydrocarbons (PAHs) in oiled sediments from Chedabucto Bay 
were lost, but multiring alkyl PAH homologues such as chrysenes and biomarker 
compounds (triterpanes and steranes) remained, making these candidate biomark- 
ers for use in monitoring the weathering of petroleum in the environment (Lee 
et al., 2003). 
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Hopanes have proven to be useful conserved internal markers for following the bio- 
degradation of crude oil contamination (Prince at ah, 1994), trimethylphenanthrenes 
for following the biodegradation of diesel fuel (Douglas et ah, 1992), and 2,2, 3,3- 
tetramethylbutane and 1,1,3-trimethylcyclopentane for following the biodegradation 
of gasoline and condensate (Townsend et al., 2004). Hopanes have been frequently 
used as the biomarker for monitoring the weathering of petroleum following major 
marine oil spills, including for example the Amoco Cadiz spill in Brittany France 
(Atlas et ak, 1981; Gundlach et ak, 1983), the Exxon Valdez spill in Prince William 
Sound Alaska (Bragg et ak, 1992, 1994; Prince, 1993; Prince and Douglas, 2005; 
Prince et ak, 1993), and the Metula spill in Chile at the Straight of Megellan (Wang et 
ak, 2001). In cases where hopane has not been measured, the data can be normalized 
to another constituent such as C2-, C3-, or C4-chrysene, that is relatively resistant 
to biodegradation, albeit not as resistant as hopanes or stearanes (Zhu et ak, 2001). 
Chrysene has been used by Delille et ak (2007) for measuring the biodegradation of 
diesel fuel in sub-Antarctic soils; they also used hopane as a conserved biomarker for 
measuring oil biodegradation. 

Wang et ak (2001) performed an extensive study on biomarker resistance to bio- 
degradation, finding that the degree of biodegradation of biomarker compounds was 
strongly correlated with their molecular structures and that even the most refrac- 
tory biomarker compounds showed some degree of biodegradation. The norhapanes 
and C29-aPP-steranes exhibited more resistance to biodegradation than the diaster- 
anes, C27 steranes, tricyclic terpanes, and pentacyclic terpanes. The C29-18a(//), 
2iP(//)-30-norneohopane and C29-aPP-stigmastanes (20R and 205) appeared to 
be the most biodegradation-resistant terpane and sterane compounds among the 
biomarkers examined in this study. Based on the results of analyses of approxi- 
mately 100 oil samples collected in Prince William Sound over the period from 
1999 to 2006 (10-17 years after the Exxon Valdez oil spill). Atlas and Bragg (2007) 
reported that the most stable biomarker compound to be used for quantifying the 
loss of PAH, or other oil components, is C29/?-stigmastane. C29PP/?-stigmastane 
and C275-cholestane were almost as stable as C29R-stigmastane. C30-hopane was 
subject to minor biodegradation, resulting in about a 4% underestimation of PAH 
depletion. Using chrysenes underestimated PAH depletion by about 9%-10%. These 
results are consistent with those of prior field studies monitoring oil over extended 
periods (Wang et ak, 2001). 

Ultimately we need to return to the critical questions that need to be addressed 
before determining whether bioremediation should be considered as a potential 
cleanup method: (1) how clean is clean? and (2) can bioremediation achieve that 
level of cleanup within an acceptable time period? At this point, decisions can only 
be made on a case-by-case basis with limited certainties as to whether relying upon 
microbial biodegradation will be adequate. More research is needed to produce data 
that would support reliable assessments of the potential benefits of bioremediation, 
which performance criteria should be employed for assessing necessary standards 
for acceptable cleanup levels, and whether bioremediation can achieve the necessary 
end points for the successful restoration of contaminated polar environments. 
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17.5 CONCLUDING REMARKS 

The following represent some of the key messages regarding our current under- 
standing of polar microbiology and future needs relative to the potential for biore- 
mediation. Indigenous hydrocarbon-degrading microorganisms are present in polar 
marine and terrestrial ecosystems. It can be anticipated that if there are coastal or 
terrestrial spills of crude or refined oils in the Arctic or refined oils in Antarcfic 
coastal or terrestrial ecosystems, then microorganisms that can biodegrade the con- 
taminating hydrocarbons will be present. It is not clear that this will be true for 
ice where microbial populations are lower, less diverse, and concentrated in brine 
channels. More needs to be known about the fate of oil under ice, especially for 
the Arctic where petroleum extraction and shipping heighten the possibility of a 
major oil spill that could contaminate ice surfaces. Further studies are also needed 
to characterize the hydrocarbon degradation capabilities of indigenous microor- 
ganisms so as to develop a predictive capability that can be used in developing 
strategies for treating spilled oil and fuels in polar regions. These studies should 
focus on the diversity of hydrocarbon-degrading capabilities of communities that 
are present. In this regard, the molecular characterization of both the diversity of 
microorganisms based upon rRNA or other genetic analyses and the diversity of 
genes involved in hydrocarbon metabolism will be needed to provide sufficient 
scientific knowledge to predict the abilities of indigenous microbial communities to 
degrade complex hydrocarbon mixtures. 

With regard to bioremediation as a technology for hydrocarbon cleanup in polar 
regions, the focus should be on the biostimulation of indigenous microorganisms 
and not on the bioaugmentation which has not been demonstrated to be an effec- 
tive approach for the in situ treatment of petroleum pollutants. It is important to 
understand the environmental constraints that limit the rates of hydrocarbon bio- 
degradation in specific environments and how bioremediation solutions can be engi- 
neered. In some cases, it may be necessary to transfer contaminated soils to biopiles, 
landfarms, or bioreactors to facilitate the optimization of environmental conditions 
so that hydrocarbon biodegradation can proceed optimally. The development of 
effective ex situ treatments needs much greater attention with regard to the potential 
applicability for decontaminating polar soils. 

Finally, while a number of studies have demonstrated that bioremediation should 
be applicable in polar regions, more field sfudies are needed to establish that biore- 
mediation can meet performance criteria for the successful cleanup of oil contamina- 
tion. Pollution prevention remains the key for protecting pristine Arctic and Antarctic 
ecosystems. In situations where accidental pollution occurs, bioremediation should 
be considered as a potential cleanup technology. When doing so it is necessary to 
determine if a particular bioremediation strategy can achieve the desired end points 
for decontamination within an acceptable time frame to minimize environmental 
impact and ecological harm. Bioremediation is a useful technology but it has limita- 
tions. Optimistically further research efforts can reduce the uncertainties currently 
associated with using a biological approach to environmental cleanup, and bioreme- 
diation engineering solutions will be developed that can be used for the treatment of 
contaminated polar ecosystems. 
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Actinobacteria, 102, 221, 223 
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Alicyclobacillus pohliae, 69 
Alkane hydroxylase system, 225-226 
Alkane monooxygenases (Aiks), 345-346 
Antarctic soils, 344, 347 
bacterial oxidation, 340-341 
helices and motifs, 341 
Q-PCR, 335 
Rhodococcus sp, 325 
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also Psychrotolerant extremophiles, 
Alaska 
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expeditions, 135-136 
microbial extremophiles, Schirmacher 
Oasis, 138-141 

psychrotolerant anaerobes, African 
Penguin Guano, 136-137 
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Magellanic penguins, Chile, 132-134 
strain LL-8 and PH-21, Patriot hills, 
134-135 
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motility, 144-145 
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146-147 
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floating boulders, 142 
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methane concentration, 141 
proteolytic strain AP7-90, 144, 146 
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water chemistry, 142 
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pleistocene bacterium, Fox Permafrost 
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alk gene libraries, 348-350 
antifreeze proteins (AFPs) 
characterization, 165 
production, 165 
role, 168-169 
ARHD genes 
detection, 348 

group IV dioxygenases, 348, 350-351 
bacterial biodiversity 
16S rRNA gene, 73, 74 
bacterial community, 76 
bioremediation, 79 

cultivable vs. noncultivable approach, 73 
hydrocarbon degradation, 73, 78 
influence habitat, 71-73 
noncultivable approaches, 70-71 
polyphasic approach, 62, 69 
biogeographical zones, 278 
cell membrane fluidity 

desaturase enzymes, 169 
fatty acid, 169-170 
homeoviscous adaptation, 169 
Listeria monocytogenes, 169-170 
pigments, 170 

polyhydroxyalkanoates (PAHs) 170 
chasmoendolithic communities 
habitats, 19-20 
microbiology, 20 
physical characteristics, 20 
cold acclimation proteins (Caps), 163-164 
expression, 162 
identification, 165 
multiple alignment, 165, 166 
psychrotrophic bacterium, 162, 165 
role, 165 

cold-shock proteins (CSPs), 163-164 
Archaeal responses, 162 
Arctic soil organisms, 160-161 
C group antibiotics, 162 
DNA replication, regulation, 161-162 
mesophilic bacteria, functional analysis, 
159-160 

Pseudomonas fluorescens bacteria, 160 
psychrotolerant bacteria, 160 
Streptomyces p. AA8321 (CspASt), 161 
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habitats, 15 
microbiology, 16 
physical characteristics, 15 
extrapolymeric substances (EPSs), 170-171 
freshwater moderate saline lakes 
Ace Lake, 52 

archaeal abundance and diversity, 52 
Lake Fryxell, 53 
phylotypes, 52 
sediment archaea group, 52 
fungal bioremediation 

bioaugmentation, 293-294 
filamentous fungi, benefits, 292 
mycorrhizal bioremediation, 294 
fungal diversity, 278-279 
human activity, 279-280 
hydrocarbons, fungal degradation 
aliphatic hydrocarbons, 281 
ascomycete fungi, 289 
basidiomycetes, 283, 288 
benzene, toluene, ethylbenzene, and m-, 
0 -, and p-xylene (BTEX), 281 
natural sources, 280 
nonlignolytic fungi, 284-287 
polyaromatic hydrocarbons (PAHS), 
281-283 

tolerance and utilization, 289-292 
in vitro experiments, 289-291 
in vivo impacts, 291-292 
yeasts, 288-289 
hypersaline lakes, 54 
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habitats, 16 
microbiology, 19 
physical characteristics, 17—18 
ice-binding protein (IBP) 
identification, 167-168 
role, 168-169 
lithobiontic habitats 
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communities, 14 
temperature, 14 
water availability, 14-15 
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marine sediment, archaea 
clones, 48 
Crenarchaeota, 49 
methanogens, 47 
microbial bioremediation 

Antarctic Treaty System, 378 
vs. Arctic, 377, 378 
fuel oil spills, 378-379 
global warming, 378 
microbial diversity 
arid soil habitats, 7 
Dry Valley soils, 8 



phylogenetic methods, 8-9 
phylotypic groups, 9 
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microbial hydrocarbon degradation genes 
alkane monooxygenase genes, 344-346 
catabolic genes, 347 
nonlignolytic fungi, 284-287 
nutrient cycling and productivity, 21 
PCB biodegradation 
Aroclor 1242, 266 
catabolic gene systems, 267 
hydrocarbon-degrading Rhodococcus 
strains, 266 

indigenous microorganisms, 265 
sea ice, archaea, 49 
seawater, archaea 

16S rRNA gene-based phylogenetic tree, 
44-46 

abundance, 32, 43 
diversity, 43 
function, 46-47 

putative archaeal function, 46-47 
sediment samples, 347-348 
soil system 

acidobacteria, 11 
actinobacteria, 10 
bacteroidetes, 11 
carbon, 4-6 
cyanobacteria, 11-12 
Deinococcus/Thermus group, 9-10, 16, 
68,69,71,74, 76,77, 78,224 
desert soils, 22 
fungi, 12-13 

McMurdo Dry Valleys, 2 {see also Ross 
desert) 

permafrost, 4 
proteobacteria, 10 
salinity levels, 4 
summer variations, 3 
trophic interactions, 6 
UV-B levels, 6 

sponge symbionts, archaea, 49-50 
terrestrial ecosystems 

archaeal diversity and abundance, 50-51 
freshwater moderate saline lakes, 52-54 
hypersaline lakes, 54 
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putative archaeal function, 51 
trophic structure, 13 
Antifreeze proteins (AFPs) 
characterization, 165 
production, 165 
role, 168-169 
Anti-icing agents, 218 
Archaeal diversity, Antarctic ecosystems 
archaeal groups, 55 
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marine sediment, 47-49 
sea ice, 49 
seawater, 32-47 
sponge symbionts, 49-50 
terrestrial ecosystems 
antarctic lakes, 51-54 
antarctic soil, 50-51 
terrestrial habitats, 54-55 
Arctic environment 

microbial bioremediation, oil spills 
Alaska’s North Slope, 377 
hydrocarbon contamination, 376 
petroleum development, 376-377 
Russia, 377 

U.S. Geological Survey (USGS), 376 
PCB biodegradation {see also Biphenyl- 

mineralizing microorganisms, Arctic 
region) 

biphenyl mineralization microorganisms, 
261-262 

BPDOcam-l BPDOlb400’ ^64 
dechlorination, 265 
genetic and biochemical aspects, 263 
green fluorescent protein gene (gfp) 
transformants, 264-265 
indigenous microorganisms, 262 
Aromatic compounds, bioremediation, see 

Polycyclic aromatic hydrocarbons 
(PAHs) 

Aromatic ring hydroxylating dioxygenases 
(ARHDs), 345-346 
Antarctic soils, 347 

bacterial hydrocarbon-degrading genes, 
341-342 
detection, 348 

group IV dioxygenases, 348, 350-351 
Arsukibacterium ikkense, 125 
Ascomycete fungi, 289 

Automated ribosomal intergenic spacer analysis 
(ARISA), 12 
Axinella mexicana, 50 

B 

Bacillus thermantarcticus, 69 
Bacterial hydrocarbon-degrading genes 
alkane monooxygenase homologues, 

343-344 
bphA gene, 344 
classiflcation 

alkane monooxygenases (Aiks), 340-341 
aromatic ring hydroxylating dioxygenases 
(ARHDs), 341-342 
ndoB gene, 344 
todCI gene, 344 
xylE and catlS genes, 344 



Bacteriophage mediated horizontal gene transfer, 
see Horizontal gene transfer 
Baffin Island Oil Spill Project, 382 
Basidiomycetes, 283, 288 

Benzene, toluene, ethylbenzene, and m-, o-, and 
p-xylene (BTEX), 281 
Bioaugmentation 

16S rRNA gene, 364-365 
diesel contamination, biopiles, 310 
fertilizer addition, 383 
microbes, oil spills, 380 
mycoremediation, 293-294 
oil biodegration, 242 

Biodegradation; see also Oil biodegradation 
polychlorinated biphenyls (PCBs) 

Antarctic environment, 265-267 
Arctic environment, 261-265 
psychrotolerant microorganisms, 

267-268 

Biopile treatment system, CFS-Alert soil, 333, 

335 

Bioremediation 

Canadian Forces Station-Alert (CFS-Alert) 
biopile monitoring, 333, 335 
biopile performance, 329-330, 332 
catabolic gene microarray analysis, 
332-333, 334 

laboratory mesocosms, 328-329, 330, 331 
microbiological characteristics, 326-327 
mineralization analysis, 327—328, 329 
Colomac mine site 

denaturing gradient gel electrophoresis 
(DGGF), 323-324 
mineralization analysis, 321, 322 
polymerase chain reaction analysis, 
321-323 

quantitative-PCR (Q-PCR), 324-326 
horizontal gene transfer (HGT) 

epoxyalkanexoenzyme M (CoM) 

transferase (FaCoMT) enzyme, 190 
Geobacter metallireducens, 190-191 
hexachlorocyclohexane (HCH), 189 
Marinobacter dioxygenase gene, 191 
Pseudomonas pavonaceae 170, 189 
Pseudomonas species, 191-192 
psychrotolerant microorganisms, 192 
Rhodococcus rhodochrous NCIMB13064 
strain, 189, 190 

synthetic haloalkanes, 189-190 
microbial bioremediation 

Antarctic environments, 377-379 
Arctic oil spills, 376-377 
Baffin Island Oil Spill Project, 382 
biomarker compounds, 385 
experimental and accidental oil spillages, 
381-382 

fertilizer application, 382 
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hydrocarbon-degrading 
microorganisms, 379 
hydrocarbon pollutants, 374-375 
oil biodegradation, 384 
oil weathers, 375 

vs. physical cleanup methods, 375 
physicochemical conditions, 381 
polycyclic aromatic hydrocarbons 
(PAHs), 384 
toxicity, 384 
naphthalene, 306 
PAHs, microbial degradation 
chemical sensitivity, 305 
chemical substance structure, 305-306 
C:N:P ratio, 308-309 
degradation patterns, 306 
environmental growth conditions, 305 
enzymatic capacity, 304 
ex situ treatment, 310-311 
limiting factors, 302-303 
oil-polluted soils, 302 
PAH-degrading bacteria, 307 
sequestration, 303-304 
in situ treatment, 309-310 
targeted chemicals, 305 
temperature effect, 306 

Biphenyl-mineralizing microorganisms, Arctic 
region 

Aroclor removal 

Aroclor 1221, 261-262 
Aroclor 1242, 262-263 
Burkholderia xenovorans LB400, 263 
psychrotolerant isolates Sag-50A and 
Sag-50G, 262 
biphenyl uptake, 264 
in situ selection, 261-262 
Brevibacillus levickii, 69 
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Canadian Forces Station-Alert (CFS-Alert) 
biopile monitoring, Q-PCR 
alk and ndoB genes, 333, 335 
applications, 333, 335 
biopile performance, 329-330, 332 
catabolic gene microarray analysis, 332-333, 
334 

initial laboratory biotreatability study, 
335-336 

laboratory mesocosms, 328-329, 330, 331 
microbiological characteristics, 326-327 
mineralization analysis 
^■^C-hexadecane, 328 
biopiles, 328, 329 
nutrient amended soils, 327-328 
viable bacterial population density, 327 



Candida, 78 

Carnobacterium pleistocenium, 128 

astrobiology and cryobiology, 130-131 
geology, 129 
strain FTRF, 129, 130 
Cell membrane fluidity, Antarctica 
desaturase enzymes, 169 
fatty acid, 169-170 
homeoviscous adaptation, 169 
Listeria monocytogenes, 169-170 
pigments, 170 

polyhydroxyalkanoates (PHAs), 170 
Chasmoendolithic communities 
habitats, 19-20 
microbiology, 20 
physical characteristics, 20 
Chlamydomonas nivalis, 119-120 
Clostridium schirmacherense, 142 
Clustered regularly interspaced short 

palindromic repeats (CRISPR), 
187-188 

Cold acclimation proteins (Caps), 163-164 
expression, 162 
identification, 165 
multiple alignment, 165, 166 
psychrotrophic bacterium, 162, 165 
role, 165 

Cold marine water and ice 

bacterial adaptations, low temperature 
hydrocarbon-catabolism genes, 242 
psychrophilic and halophilic bacteria, 
241-242 

Rhodococcus sp. Q15, 241 
crude oil biodegradation 

Arctic region, bacterial communities, 
237-238 

heterotrophic and oil-degrading 
microbes, 234-235 
polar bacteria, 235-237 
marine ice, oil biodegradation 
fertilizers, 244 
heterotrophic flagellates, 244 
light levels, 240 
microalgae, 244-245 
protist communities, 244 
salting-out process, 240-241 
subzero temperature, 241 
oil characteristics 

brine channels, 234 
discharges, 232-233 
spreading, 233 
seawater, oil biodegradation 

chemical dispersants, 243-244 
droplet surface area, 243-244 
mineralization, 238-239 
photooxidation, 240-241 
temperature, 238-239, 240 
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unresolved complex mixture (UCM), 245-246 
Cold shock domain (CSD), 103 
Cold-shock proteins (CSPs), 163-164 
Antarctic biodegradative bacteria 
archaeal responses, 162 
C group antibiotics, 162 
DNA replication, regulation, 161-162 
Streptomyces sp. AA8321 (CspASt), 161 
Arctic soil organisms, 160-161 
mesophilic bacteria, functional analysis 
CspA, 160 

E. coli CspA, 159-160 
Pseudomonas fluorescens bacteria, 160 
psychrotolerant bacteria, 160 
Colomac mine site 

denaturing gradient gel electrophoresis 
(DGGE) 

bacteria, phylogenetic distribution, 
323-324 
limitations, 323 

microbial population, fertilizer regimens, 
323 

mineralization analysis, 321, 322 
polymerase chain reaction analysis, 321-323 
quantitative-PCR (Q-PCR) 

alkane (alk genes) degradation, 325 
hydrocarbon-degrading bacteria, 325-326 
target gene, 324-325 
Comets 

components, 205, 206 
Oort cloud, 205 
Cryosphere 

astrophysical context, 202 
interstellar organic matter, 203-204 
organic materials 
comets, 205-206 
meteorites, 206-209 
PAHs 

carbonaceous chondrite meteorites, 209 
deposition, 209-210 
Murchison meteorite, 209 
organic carbon resource, 210-211 
organic infall rates, 209 
UIR emission features, 210 
Cryptococcus, 78 
Cryptoendolithic communities 
habitats, 15 
microbiology, 16 
physical characteristics, 15 
Cyanobacteria, 120 
Cyclotella meneghiana, 121 

D 

Deinococcus radiodurans, 126 
Denaturing gradient gel electrophoresis 
(DGGE), 52 



archaea 

Ace Lake, 52 
Lake Fryxell, 53 

bacterial diversity, Antarctica, 70 
Colomac mine site 

bacteria, phylogenetic distribution, 
323-324 
limitations, 323 
microbial population, fertilizer 
regimens, 323 
Diatoms, 118-119 
Dry Valley soil ecosystem, 13 



Endogenous origin hypothesis, 148 
Epoxyalkane:coenzyme M (CoM) transferase 
(EaCoMT) enzyme, 190 
Eukaryotic photosynthetic microorganisms 
diatoms, 118-119 
diatoms and cyanobacteria, 
bioremediation, 121 
prokaryotes, 120 
snow algae, 119-120 

Extrapolymeric substances (EPSs), 170-171 
Extremophiles, see Microbial extremophiles 



Filamentous fungi, 292 
Fluorescent in situ hybridization (FISH), 43 
Fluorophores, 359-360 
Formosa algae, 76 
Freeze-thaw process, 217 
Fuel spills; see also Hydrocarbons 
Antarctic environments, 377-378 
Colomac mine site, 321 
human activities, 302 
hydrocarbon contamination, 217-218 
polar soil microbes 

actinobacteria, 221, 223 
hydrocarbon biodegradative activity, 
220-221 

hydrocarbon-degrading microorganisms, 
219-220 

proteobacteria, 223-224 
Fungal bioremediation 

bioaugmentation, 293-294 
filamentous fungi, benefits, 292 
hydrocarbons degradation 

aliphatic hydrocarbons, 281 
ascomycete fungi, 289 
basidiomycetes, 283, 288 
benzene, toluene, ethylbenzene, and m-, 
0 -, and p-xylene (BTEX), 281 
nonlignolytic fungi, 284-287 
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polyaromatic hydrocarbons (PAHS), 
281-283 

tolerance and utilization, 289-292 
in vitro experiments, 289-291 
in vivo impacts, 291-292 
yeasts, 288-289 

mycorrhizal bioremediation, 294 

G 

Gammaproteobacteria, 225 
Granulosicoccus antarcticus, 70 
Green fluorescent protein gene {gfp) 
transformants, 264-265 

H 

Hairpin oligoprobes, 361 
Halorubrum lacusprofundi, 54 
Heterotrophic flagellates, 244 
Hexachlorocyclohexane (HCH), 189 
Homaxinella balfourensis, 50 
Homeoviscous adaptation, 169 
Horizontal gene transfer (HGT) 

Antarctica 

16S rDNA restriction analysis, 188 
clustered regularly interspaced short 
palindromic repeats (CRISPR), 
187-188 

Deltaproteobacteria, 188 
Methanococcoides burtonii, 187-188 
bioremediation 

epoxyalkanexoenzyme M (CoM) 

transferase (EaCoMT) enzyme, 190 
Geobacter metallireducens, 190-191 
hexachlorocyclohexane (HCH), 189 
Marinobacter dioxygenase gene, 191 
Pseudomonas pavonaceae 170, 189 
Pseudomonas species, 191-192 
psychrotolerant microorganisms, 192 
Rhodococcus rhodochrous NCIMB13064 
strain, 189, 190 

synthetic haloalkanes, 189-190 
environmental stressors 
adaptive responses, 185 
bacteriophages, 185-186 
microbial adaptation, 186-187 
frequency, bacterial genome evolution 
Escherichia coli, 182 
microbial diversity, 182-183 
Staphylococcus aureus pathogenenicity 
islands, 183 
mechanisms, 181 
phage-mediated transduction 
microbial diversity, 182-183 
prophage genome, 181-182 
temperate phages, 181-182 



transduced DNA, 182 
types, 181 

phylogenetically distant organisms 
Aquifex aeolicus and Thermotoga 
maritima, 184 
prokaryotic evolution, 183 
Salinibacter ruber and Rhodothermus 
marinus, 184-185 

Hydrocarbons; see also Polycyclic aromatic 
hydrocarbons (PAHs) 
bacterial hydrocarbon-degrading genes 

alkane monooxygenases (Aiks), 340-341, 
343-344 

aromatic ring hydroxylating dioxygenases 
(ARHDs), 341-342 
bphA gene, 344 
ndoB gene, 344 
todCl gene, 344 
xylE and cat23 genes, 344 
biodegradation, real-time PCR, 365 
16S rRNA gene target, 364-366 
alkane monooxygenase gene alkB, 
366-367 

bacteria, Antarctica, 73, 78 
catabolic genes, 364 
denitrification, 367 
nutrients control treatment, 366 
ribosomal polymerase B irpoB) 
gene, 366 

specific gene target, 364-366 
fuel spills, soil microbes 
Actinobacteria, 221, 223 
fate, 217-218 

hydrocarbon biodegradative activity, 
220-221 

hydrocarbon-degrading microorganisms, 
219-220 

Proteobacteria, 223-224 
functional gene detection, 225-226 
fungal degradation, Antarctic environment 
aliphatic hydrocarbons, 281 
ascomycete fungi, 289 
basidiomycetes, 283, 288 
benzene, toluene, ethylbenzene, and m-, 
0 -, and p-xylene (BTEX), 281 
nonlignolytic fungi, 284-287 
polyaromatic hydrocarbons (PAHS), 
281-283 

tolerance and utilization, 289-292 
in vitro experiments, 289-291 
in vivo impacts, 291-292 
yeasts, 288-289 

laser-induced fluorescence emission (L.I.F.E.) 
anaerobic strategies, 105 
meltpool waters, 103 
phenanthrene-degrading, 104 
in situ experiment, 104 
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petroleum-derived contaminants, 218 
in situ bacterial diversity, 224-225 
Hydrogenophaga taeniospiralis strain IA3-A, 
267-268 

Hypolithic communities 
habitats, 16 
microbiology, 19 
physical characteristics, 17-18 



Ice-binding protein (IBP) 
identification, 167-168 
role, 168-169 
Ice-free desert, 2 
Ignicoccus hospitalis, 2 
Interstellar organic matter, 203-204 

K 

Kirkpatrickia varialosa, 49 
Kuiper belt, 205 

L 

Laser-induced fluorescence emission (L.I.F.E.) 
cryosphere air 

biological material, 96 
fungi, 96-97 
Earth’s cryosphere, 108 
environmental early warning 
global warming, 106 
phycobiliproteins, 107 
in situ techniques, 106-107 
UV radiation, 106 

hydrocarbon exposure and degradation 
anaerobic strategies, 105 
meltpool waters, 103 
phenanthrene-degrading, 104 
in situ experiment, 104 
ice 

airborne particles, 98 
cryoconite, 99 
dust, 97-99 

phylogenetic analysis, 99-100 
microbial communities, 95-96 
sediment and mats 
biodiversity, 102 

cold adaptive responses, 102-103 
techniques, 101 
Snowball Earth, 95 
Latrunculia apicalis, 49 
Lithobiontic habitats 
biodiversity, 20-21 
communities, 14 
temperature, 14 
water availability, 14-15 
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Marinobacter dioxygenase gene, 191 
Mertz glacier polynya (MGP), 76 
Meteorites 

carbonaceous chondrites, 206, 208 
vs. interstellar medium 
molecules, 207 

organic extract sublimate, CH stretch, 205 
Murchison meteorite 
D enrichment, 208 
organic analysis, 207 
Methanocella paludicola, 48 
Methanococcoides burtonii, 48, 52, 53, 103, 104 
Methanogenium organophilum, 54 
Methanogens, 121-122 
Methanosaeta concili, 54 
Microbial bioremediation 
Antarctic environments 

Antarctic Treaty System, 378 
vs. Arctic, 377, 378 
fuel oil spills, 378-379 
global warming, 378 
Arctic oil spills 

Alaska’s North Slope, 377 
hydrocarbon contamination, 376 
petroleum development, 376-377 
Russia, 377 

U.S. Geological Survey (USGS), 376 
Baffin Island Oil Spill Project, 382 
biomarker compounds, 385 
experimental and accidental oil spillages, 
381-382 

fertilizer application, 382 
hydrocarbon-degrading microorganisms, 379 
hydrocarbon pollutants 

degradation and contamination, 374 
oil and fuel spills, 374-375 
oil biodegradation, 384 
oil weathers, 375 

vs. physical cleanup methods, 375 
physicochemical conditions, 381 
polycyclic aromatic hydrocarbons (PAHs), 
384 

toxicity, 384 
Microbial degradation 
PAHs 

chemical sensitivity, 305 
chemical substance structure, 305-306 
C:N:P ratio, 308-309 
degradation patterns, 306 
environmental growth conditions, 305 
enzymatic capacity, 304 
ex situ treatment, 310-311 
limiting factors, 302-303 
oil-polluted soils, 302 
PAH-degrading bacteria, 307 
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sequestration, 303-304 
in situ treatment, 309-310 
targeted chemicals, 305 
temperature effect, 306 
petroleum compounds {see Cold marine water 
and ice) 

Microbial extremophiles; see also Anaerobic 
extremophiles, polar expeditions 
astrobiology, 117-118 

endogenous origin hypothesis, 148 
ice geyser, 148 

biotechnology applications, 117 
organic matter, biogeochemical cycling (see 
Organic matter) 
physicochemical matrix 
gamma radiation, 126 
pH/temperature, 126-128 
polar expeditions 

Antarctica 2000, 132-135 
Lake Untersee, 141-144 
microorganisms in situ, ice bubbles, 
144-147 

psychrotolerant extremophiles, Alaska, 
128-132 

relevance, astrobiology, 148 
Tawani International Antarctica 
Expeditions, 135-141 
survival 

strategies, 117 
stressors, 116 
temperature, 116 

Microbivore {Scottnema lindsaye), 13 
Miers Valley soils, 12 
Mycale acerata, 50 
Mycorrhizal bioremediation, 294 



N 

Nannochloropsis salina, 101 
Naphthalene, 306 
Navicula, 19 

Non-lignin-degrading fungi, 282-283 
Nostoc, 12 



o 

Oil biodegradation; see also Hydrocarbons 
marine ice 

fertilizers, 244 
heterotrophic flagellates, 244 
light levels, 240 
microalgae, 244-245 
protist communities, 244 
salting-out process, 240-241 
subzero temperature, 241 



seawater 

chemical dispersants, 243-244 
droplet surface area, 243-244 
mineralization, 238-239 
photooxidation, 240-241 
temperature, 238-239, 240 
Omnivore-predator {Eudorylaimus 
antarcticus), 13 
Organic matter 
decomposition 

16S rDNA clone libraries, 125 
alkalitolerant psychrophilic bacteria, 
125-126 

Arsukibacterium ikkense, 125 
halo-alkaliphilic species, 124 
marine and halotolerant psychrophiles, 
123-124 

Organic Lake, 124-125 
organoheterotrophic microbial 
communities, 124 
Rhodonellum psychrophilum, 125 
sulfate-reducing bacteria, 124 
producers 

acetogens, 122-123 
diatoms, 118-119 
diatoms and cyanobacteria, 
bioremediation, 121 
methanogens, 121-122 
prokaryotic photosynthetic 
microorganisms, 120 
snow algae, 119-120 
Organoheterotrophic microbial 
communities, 124 



Particulate organic matter (POM), 52 
Petroleum compounds 

microbial degradation (see Cold marine water 
and ice) 

petroleum-derived contaminants, 218 
Phage-mediated transduction 
microbial diversity, 182-183 
prophage genome, 181-182 
temperate phages, 181-182 
transduced DNA, 182 
types, 181 

Photosynthetically active radiation (PAR), 101 
Phylogenetic methods, 8 
Polar soils 

characteristics, 216 

fuel spills, microbial communities, 221 
Actinobacteria, 221, 223 
biodegradative activity, 220-221 
hydrocarbon-degrading microorganisms, 
219-220 

Proteobacteria, 223-224 
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hydrocarbon contamination 
fuel spill fate, 217-218 
functional gene detection, 225-226 
petroleum-derived contaminants, 218 
in situ bacterial diversity, 224-225 
Polychlorinated biphenyls (PCBs); see also 
Antarctica; Arctic environment 
biodegradation 

Antarctic environment, 265-267 
Arctic environment, 261-265 
psychrotolerant microorganisms, 
267-268 

environmental concerns, 257 
industrial uses, 257 
microbial transformation 

aerobic oxidative degradation, 258 
anaerobic reductive dechlorination, 258 
biphenyl-degrading microorganisms, 259 
catabolic enzymes, 259 
PCB congeners and features, 257-258 
physicochemical properties, 256-257 
polar regions, contamination 

biotic PCB-contaminated Antarctic 
matrices, 261 

contamination source, 259-260 
geography, 259 
pollutant transportation, 260 
species diversity, 260-261 
Polycyclic aromatic hydrocarbons (PAHs), 218; 
see also Hydrocarbons 
Antarctic environment, fungal degradation, 
281-283 
bioremediation 

C:N:P ratio, 308-309 
ex situ treatment, 310-311 
PAH-degrading bacteria, 307 
in situ treatment, 309-310 
temperature effect, 306 
cryosphere 

carbonaceous chondrite meteorites, 209 
deposition, 209-210 
Murchison meteorite, 209 
organic carbon resource, 210-211 
organic infall rates, 209 
UIR emission features, 210 
lignin-degrading fungi, 282 
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FIGURE 1.1 The Miers Valley, Eastern Antarctica. This valley incorporates all the typical 
terrestrial microbial habitats of the Dry Valleys including lakes (1), lake-derived streams (2), 
glacial meltwater streams (3), and desert soils (4). 
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FIGURE 1.3 A snapshot of prokaryotic diversity across a range of Antarctic arid soil habi- 
tats. *NB: For Mars Oasis, Fossil Bluff, Coal Nunatak, and Sentinel Range, “Others” category 
includes Chloroflexi, Firmicutes, Fusobacteria, Gemmatimonadetes, Planctomycetes, and the 
candidate phyla OPIO and TM7. For Luther Vale, “Others” category includes Chloroflexi, 
Firmicutes, Bacteroidetes, Verrucomicrobia, Nitrospira, and Cyanobacteria. 





FIGURE 1.4 Filamentous, fungal-dominated hypolithic community loosely attached to 
the underside of translucent quartz (Miers Valley, Eastern Antarctica). 




FIGURE 1.5 Unattached, moss-dominated community beneath a quartz rock (Miers Valley, 
Eastern Antarctica). 




FIGURE 1 .6 Zonation visible in a typical cyanobacteria-dominated hypolithon with orange- 
pigmented organisms around the periphery and green cyanobacteria directly underneath the 
quartz rock (Miers Valley, Eastern Antarctica). 
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FIGURE 4.1 One of the authors (BS) collecting air samples (a) for 16s RNA analysis of 
airborne assemblages of microbes on the ice-covered Lake Untersee, Dronning Maud Land, 
Antarctica. The microbial ecosystem of the lake begins as airborne particles of microbes, 
humic material, and minerals adhere (bl) to the icy surface. Warmed by the sun the dark 
mixture of organic and inorganic materials sinks into the ice (b2) and is covered by melt 
water that soon freezes. Solar energy heats the assemblage sufficiently to produce a thin bio- 
film on the particle surface comprised of liquid water and multiple microbial species (insert). 
Photosynthetic cyanobacteria, protected from predators and provided with solar energy for 
photosynthesis, multiply (b3) until the particle surface is maximally covered (b4). The assem- 
blage passes into the lake water and finally joins the cyanobacteria-dominated mat commu- 
nity (b5) at the lake floor. 








FIGURE 4.2 Cryoconites come in all sizes from accumulations at the base of massive boul- 
ders fa) floating on the ice cover of Lake Untersee to millimeter scale particles wrapped in 
refractive crystals of ice spread across the lake surface (b). 





(b) 



FIGURE 5.1 (a) C. nivalis on a snowbank in the Kolyma Lowlands, North Siberia, (b) 

Photomicrograph of red spores of C. nivalis. 




FIGURE 5.4a Images of strain FTRl''' with BacLite live/dead stain (Photo hy Prof A.K. 
Bej, University of Alabama at Birmingham, Birmingham, AL.) 
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FIGURE 6.3 A sequence of cryomicroscopic images (a-f) in a Clifton nanoliter osmometer 
monitoring the growth of a single ice crystal when temperature from -40°C is elevated to just 
below the freezing point. The effect of the antifreeze function of the crude extract of the total 
cellular protein from a biodegradative bacterium P. sp. 30/3 isolated from oil-contaminated 
soil from Antarctica is shown by the growth along the c-axis of a stable hexagonal ice crystal. 




(a) (b) 



FIGURE 6.4 Extracellular polymeric substance (EPS) produced by Janthinobacterium sp. 
strain Ant 5-2 isolated from a Proglacial lake P9 located at the Schirmacher Oasis of East 
Antarctic Dronning Maud Land: (a) “slimy” EPS secreted by Janthinobacterium sp. Ant 5-2 
in a stationary culture after 7 days of incubation at 15°C; (b) microscopic examination of 
the bacillus Janthinobacterium sp. Ant 5-2 aggregated floes of cells stained with Live/Dead 
fiacLight fluorescent staining kit (Molecular Probes) embedded in thick EPS moiety. 
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FIGURE 15.5 ARHDs radial tree showing the clustering according to the substrates oxi- 
dized by the members of Group IV dioxygenases. Antarctic clone sequences were related to 
five distinct substrate groups previously described in Gram Positive (purple color) bacteria 
and Gram Negative (pink color) bacteria such as Rhodococcus, Pseudomonas, Comamonas, 
Burkholderia, and Xanthobacter. Group I was not included in this tree because of the low 
homology of the sequences related to the other three Groups of dioxygenases. 



MICROBIOLOGY 



Polar Microbiology 



Pollution has accompanied polar exploration since Captain 
John Davis' arrival on the Antarctic continent in 1821 
and has become an unavoidable consequence of oil 
spills in our polar regions. Fortunately, many of the 
organisms indigenous to Polar ecosystems have the ability 
to degrade pollutants. It is this metabolic capacity that 
forms the basis for bioremediation as a potential treatment 
for the hydrocarbons that contaminate the pristine polar 
environments. 

The only book to cover the breadth of microbial ecology 
and diversity in polar regions with an emphasis on 
bioremediation, Polar Microbiology: The Ecology, 
Biodiversity and Bioremediation Potential of 
Microorganisms in Extremely Cold Environments 
examines the diversity of polar microorganisms and their 
ability to degrade petroleum hydrocarbon contaminants 
in polar terrestrial and aquatic environments. Providing 
a unique perspective of these microorganisms in extremely 
cold temperatures, the book focuses on their taxonomy, 
physiology, biochemistry, population structure, 
bioremediation potential, and potential for biotechnology 
applications. Leading investigators in the field provide 
complete coverage of the microbiology relevant to the 
study of biodiversity and biodegradation of pollutants in 
the Arctic and Antarctic, including 

• Microbial extremophiles living in cold and 
subzero temperature environments 

• Genetics and physiology of cold adaptation of 
microorganisms 

• Biodegradative microbial consortia in a defined closed 
environment 

• Molecular characterization of biodegradative microbial 
populations 

• Molecular approaches to assess biodegradation 
of petroleum hydrocarbons 

• Environmental impact of hydrocarbon contamination 

• Microbial biodiversity across Antarctic deserts 

By bringing together the current state of scientific 
knowledge and research on microbial community structures 
in extremely cold temperatures, this thought-provoking 
resource is the ideal starting point for the research that 
must be done if we are to effectively reduce the human 
eco-footprint on our polar regions. 
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